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, p Based  on  the  ISIS-1  and  2 data  set  it  has  been  possible  to  meet  the  goals  set 
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can  be  used  to  relate  630QA  emissions  to  lew-energy  (<  300  eV)  fluxes  in  a 
quantitative  way  and  vice-versa.  If  suitable  ionization  production  models  were 
available, then  < 300  eV  energy  fluxes  'images'  derived  from  concurrent  6300A 
images,  could  be  utilized  to  predict  F-region  behavior.  One  possible  result 
would  be  the  derivation  of  an  estimate  of  FoF„  during  darkened  conditions.  This 
result  along  with  the  local  time  position  of  the  trough  would  allow  an  estimate 
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of  the  severity  of  scattering  from  the  steep  poleward  i wall  of  the  trough  and 
the  fluctuations  embedded  in  it.  Knowledge  of  the  IMF'B  ^component  in  near  real-i 
time  would  allcw  a dynamic  ’prediction1  of  the  trough  WaJl.  Such  a prediction 
could  be  used  to  allow  reconfiguration  of  systems  affected  by  the  trough  wall 
and  fluctuations  at  or  near  it.  „ 


It  is  recaimended  that 

1.  Verification  tests  of  the  derivation  of  < 300  eV  electron  fluxes  based 
on  6300A  images  should  be  undertaken.  This  could  bt.  achieved  with  either  exis- 
ting or  new  data  secs. 

2.  Model  calculations  of  ionospheric  parameters  based  on  particle  and 
optical  data  should  be  undertaken.  The  results  should  be  corrpared  with  concur- 
rently obtained  ionospheric  data.  If  positive  the  results  of  such  calculations 
could  be  used  to  predict  ionospheric  parameters  based  on  satellite  images.  This 
technique  would  be  extremely  powerful  if  high-altitude  6300A  cinematography  were 
available,  A first  attempt  at  this  could  be  made  with  results  from  the  NASA 
Dynamics  Explorer  A & B particle  and  cinematography  data. 

3.  Verification  tests  of  the  accuracy  of  trough  wall  prediction  based  on 
IMF  B data  and  the  empirical  relations  derived  in  the  work  should  be  undertaken. 
Such  verification  tests  would  probably  lead  tc  further  refinements  of  the  "pred- 
icative’ formulas.  If  proved  reasonably  accurate  these  empirical  predictions 
could  form  the  basis  for  operational  decisions  for  systems  affected  by  the  phys- 
ics occurring  at  the  trough  wall. 

4.  If  the  results  derived  under  this  contract  are  proven  to  be  ’reliable1 
and  the  derivable  results  relevant  to  Air  Force  needs  then  high-altitude  (>  2RJ 
satellite  imaging  should  be  considered  as  a test  mission.  Such  a test  could  E 
be  used  bo  define  the  operational  utility  of  a real-time,  fine  time  scale  (<  10 
min)  monitoring  of  auroral  emissions. 
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I.  Introduction 

Research  performed  during  the  period  of  this  contract  represents  a 
continuation  of  work  begun  under  AFGL  contracts  F19628-72-C-0230  a’d 
Fl9o  28-75-00032.  Technical  reports  APCRL-TR-74-0379  and  TR-75-0404 
should  be  consulted  as  background  references. 

The  objectives  of  this  contract  are:  (1)  to  relate  the  6300A  emissions 
as  observed  by  the  ISIS-2  scanning  photometer  to  the  causative  electron 
fluxes  which  arc  simultaneously  observed  by  the  ISIS-2  Soft  Particle 
Spectrometer.  The  energy  sub- region  of  the  electron  flux  which  is 
primarily  responsible  for  the  6300A  emissions  will  be  delineated  to  the 
accuracy  available  with  the  ISIS-2  instrumentation.  It  is  hoped  that  an 
empirical  relation  can  be  derived  that  relates  electron  energy  flux  to 
6300A  flux.  (2)  To  compare  the  particle  fluxes  and  6300A  emissions  (and 
the  conclusions  derived  in  Item  1)  with  simultaneous  electron  density 
profiles  obtained  by  the  ISI3-2  topside  sounder.  The  basic  goal  of  such  a 
comparison  will  be  to  ascertain  if  it  is  possible  to  infer  gross 
characteristics  of  the  ionosphere  (e.g.  f^,  plasma  trough 
boundaries)  from  6303A  and  particle  flux  measurements.  (3)  To  relate, 
where  possible,  tire  results  obtained  in  Items  1 and  2 to  the  dynamical 
effects  produced  by  substorms.  Specifically  we  will  evaluate  if  it  is 
possible  to  infer  the  motion  of  boundaries  such  as  the  poleward  edge  of  the 
low-altitude  plasma  trough  from  indirect  measurements.  (4)  To  analyze  the 
simultaneous  data  obtained  with  ISIS-2,  the  AFGL  Airborne  Ionospheric 
Laboratory,  and  the  Defense  Meteorological  Satellite  System,  Again  the 
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goal  will  be  to  ascertain  if  ionosphe ric  parameter  can  be  determined  by 
indirect  means.  In  the  following  sections  it  will  be  shown  how  each  of 
these  goals  were  accompl ished . 

Copies  of  the  nil'  pip' re  >- ished  with  the  support  of  this  contract 
are  enclosed  in  Section  VII.  In  addition  two  papers  are  in  press  but  are 
not  included  as  part  of  this  report.  'Urey  will  be  sent  to  AFGL  upon 
receipt  of  the  reprints.  The  reader  will  be  referred  to  the  published 
capers  for  detailed  information  during  tire  course  of  this  report. 

II,  6300ft  - Electron  Flux  Empirical  Relation. 

ft.  Introduction: 

Considerable  attention  has  been  given  to  the  calculation  of 
optical  auroral  emissions  from  a knowledge  of  the  primary  electron 
spectrum,  and  reasonable  success  seemed  to  (rave  been  obtained  for  the  major 
emissions  (Rees  and  Luckev,  1974).  However,  at  that  time  adequate 
experiments  to  test  the  validity  of  the  calculations  had  not  been  done,  ft 
coordinated  experiment  with  this  objective  was  conducted  by  toes  et  al. 
(1977)  and  they  obtained  from  satellite  measured  primary  spectra  reasonable 
agreement  Cor  the  3914  A emission,  excellent  agreement  for  the 
6300  ft  atomic  oxygen  emission,  and  poorer  agreement  Cor  the  5577  ft  atomic 
oxygen  emission.  In  a subsequent  analysis  of  the  same  experiment,  but 
using  tire  secondar  elect  ton  spectrum  measured  on  the  rocket,  Sharp  et  al . 
(1979)  found  the  calculated  6300  ft  emission  an  order  of  magnitude  too  low, 
and  concluded  that  the  excitation  mechanism  for  the  6300  ft  emission  was 
unknown.  Still  more  recently,  Rusch  et  al . (1979)  proposed  that  energy 
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? 1 
transfer  from  N('D)  to  C>2  would  produce  enough  0(D)  to  explain 

the  results.  If  the  above  were  confirmed,  the  puzzle  would  be  solved,  but 

at  the  present  time  one  cannot  confirm  that  the  6300  A excitation  processes 

are  fully  understood. 

The  difficulties  with  the  557 / A emission  have  extended  over  a longer 

period  of  time,  beginning  with  the  rocket  measurements  of  Donahue  et  al, 

(1968),  Ten  years  later,  Deans  and  Shepherd  (1978)  made  rocket 

measurements  that  were  nearly  self-consistent,  using  energy  transfer  from 
3 + 3 

N9(A  z ) to  0(  P)  as  the  major  source  (in 
u 

contrast  Rees  et  al.  (1977)  found  it  unnecessary  to  use  this  reaction), 

Solheim  and  Llewellyn  (1978)  and  Yau  and  Shepherd  (1978)  have  proposed 

3 +3 

energy  transfer  from  CL  (A  E , C A , or 
31  2'  u u' 

c1  E “)  as  an  important  mechanism,  with  the  former  authors 
considering  it  to  be  the  dominant  mechanism,  with  0o(c1  E 
~)  the  only  important  agent.  So  the  5577  A puzzle  may  also  be 
solved,  though  it  is  probably  too  early  to  be  sure  of  that  as  well. 

An  interesting  aspect  of  the  puzzle  is  that  the  older  Rees  and  Luckey 
(1974)  formulation  seems  to  give  the  correct  I (63O0)/I (5577)  intensity 
ratio.  This  point  has  been  discussed  by  A moldy  and  Lewis  (1977) , and 
examples  of  situations  where  it  seems  to  work  are  given  by  M,  M.  Shepherd 
and  Eather  (1976)  and  by  McEwen  and  Bryant  (1978),  Hie  use  of  ISIS-2 
satellite  maps  of  these  emissions  (Shepherd  et  al.  1973)  in  morphological 
interpretation  requires  some  procedure  for  converting  optical  emissions  to 
particle  fluxes.  Auroral  spect roscopists  have  long  known  that  this  was 
possible  in  principle,  but  the  difficulties  with  the  mechanisms  described 
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seemed  to  preclude  a satisfactory  quantitative  formulation.  In  view  of 
these  theoretical  difficulties  it  was  decided  to  make  an  empirical 
determination,  using  the  optical  and  particle  detectors  on  the  same 
spacecraft.  This  has  the  practical  advantage  that  any  calibration  or  like 
factors  are  self-consistent  from  the  parameter  determination  to  the 
morphological  interpretative  analyses.  (The  accuracy  of  the  particle  flux 
determination  will  still  be  dependent  on  the  precision  of  the  particle 
spectrometer  calibration).  The  Rees  et  al.  (1977)  and  Sharp  et  al.  (1979) 
studies  when  taken  together  raise  the  very  important  question  as  to  whether 
the  primary  electrons  observed  by  a higher  altitude  satellite  do  in  fact 
produce  secondary  electrons  measured  at  lower  altitudes  by  a rocket  through 
simple  ionization  and  energy  degradation  processes  or  whether  some  other 
acceleration  or  plasma  instability  processes  are  at  work.  If  the  latter  is 
true,  then  the  ISIS  results  derived  here  may  be  at  variance  with  those  of 
other  experiments,  especially  rockets,  and  may  not  apply  in  all  situations, 
nor  may  they  agree  with  theoretical  calculations.  Nevertheless,  such 
comparisons  are  important  for  this  very  reason,  and  may  serve  as  a guide  to 
further  work.  However  the  prime  motivation  for  this  work  is  the 
establishment  of  an  empirical  procedure  that  will  work  for  satellite  data 
analysis. 

B.  Data: 

Figure  1 shows  an  example  of  what  might  be  considered  taw  optical 
data.  The  intensity  of  the  6300  A emission  is  shown  on  a linear  scale, 
plotted  versus  Universal  Time  (UT) . The  spacecraft  was  in  a cartwheel  mode 
for  these  data,  so  that  the  perpendicular  viewing  photometer  (Shepherd  et 


INVARIANT  LATITUDE  { degree*) 


Figure 
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al.,  1973}  sees  the  sane  emitting  region  on  many  successive  spacecraft 
spins.  For  each  latitude  viewed, the  data  are  selected  from  the  spacecraft 
rotation  which  yields  the  minimum  time  delay  between  the  optical  viewing  of 
that  latitude,  and  the  crossing  of  the  spacecraft  past  the  magnetic  field 
line  that  intersects  this  latitude  point  at  the  emission  altitude.  In  this 
"minimum- time-delay'*  analysis  the  delay  can  never  be  more  than  one-half 
spin  period  which  means  a maximum  of  ten  seconds  in  general.  This 
continuous  curve  is  therefore  composed  of  segments  of  data  spliced  from 
many  rotations:  thus  the  time  scale  at  the  bottom  does  not  correspond  to 
the  viewing  time,  but  is  the  smoothly  varying  time  of  the  spacecraft,  for 
which  the  invariant  latitude  is  shown  at  the  top. 

Figure  2 (bottom  frame)  shows  the  same  minimum  time  delay  6300  A 
trace  again,  except  that  the  scale  is  logarithmic,  and  the  5577  A emission 
and  the  N2+  3914  A emission  from  Dr,  C.  D.  Anger's  Auroral 
Scanning  Photometer  (Anger  et  al.,  1973)  have  been  added  as  well.  The 
upper  part  of  the  diagram  contains  data  from  the  Soft  Particle  Spectrometer 
(Heikkila  et  al.  1970)  which  we  now  discuss. 

For  reasons  that  will  become  clear  later,  the  electron  spectra 
have  been  integrated  over  energy  into  four  directional  energy  flux  bands, 
which  from  bottom  to  top  correspond  to  5-60  eV,  60-300  eV,  300  eV  - 1 keV, 
and  1-15  keV.  The  SPS  looks  perpendicular  to  the  spin  axis  and  in  this 
cartwheel  mode  a full  range  of  pitch  angles  is  scanned;  the  pitch  angle 
sawtooth  is  shown  at  the  top  such  that  a downward  tooth  corresponds  to 
downgoing  electrons.  In  these  instantaneous  fluxes  one  can  see  the  nature 
of  the  pitch  angle  distributions.  For  the  1-15  keV  channel  (the  top  trace) 
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the  fluxes  form  a smooth  symmetrical  narrow  region  centered  at  65° 
Invariant;  this  is  the  continuous  (diffuse)  auroral  belt.  The 
distributions  appear  isotropic  in  the  poleward  half  of  this  distribution 
but  going  equatorward  from  the  center  the  loss  cone  deepens  and  the  flux 
peaks  are  at  90°,  finally  corresponding  to  trapped  particles.  For  the 

0. 3-1  keV  channel  there  is  a similar  distribution,  except  that  anisotropy 
sets  in  further  equatorward  than  at  higher  energies.  More  importantly, 
there  are  now  large  structured  irregular  fluxes  in  the  68-73°  invariant 
region,  where  the  1-15  keV  fluxes  were  small.  This  is  the  discrete  aurora, 
which  appears  as  a region  of  low-energy,  enhanced  precipitation  in  ISIS 
data  viewed  this  way.  The  same  trends  continue  in  the  60-300  eV  band,  with 
the  discrete  auroral  fluxes  substantially  higher  than  for  the  diffuse 
region,  and  with  the  flux  extended  both  further  equatorward  and  poleward. 
Isotropic  fluxes  in  this  band  continue  the  trend  seen  in  the  other  bands, 

1. e.  lower  energy  particles  remain  isotropic  over  a wider  latitudinal  range 
as  a function  of  decreasing  latitude.  The  discrete  and  diffuse  auroral 
patterns  are  readily  seen  in  the  linear  6300  A data  of  Figure  1. 

The  lowest  energy  channel,  5-60  eV,  continues  the  same  trend, 
except  that  there  seems  to  be  no  equatorward  limit  to  the  flux.  This 
effect  is  explained  by  noting  the  additional  scales  at  the  top  of  Fig.  2, 
"INVT"  stands  for  invariant  time,  "SDEP"  for  solar  depression  at  the  viewed 
point,  "CDEP"  for  the  solar  depression  in  the  conjugate  hemisphere  to  the 
viewed  point  and  "SANG"  denotes  sun  angle,  the  angle  between  the  photometer 
axis  at  the  time  of  viewing  and  the  satellite-sun  line.  The  indication 
"DARK"  means  that  the  spacecraft  was  in  darkness  and  so  SANG  is  not 


relevant.  The  solar  depression  angles  show  that  the  local  ionosphere  is 
very  dark,  but  that  it  is  twilight  in  the  conjugate  hemisphere.  The 
conjugate  sun  sets  at  63.5°  invariant  but  the  5-60  eV  fluxes 
continue  undiminished  to  a conjugate  solar  depression  of  10°  at 
52.7°  invariant  - beyond  this  the  fluxes  decrease  as  expected.  These 
are  clearly  fluxes  of  conjugate  photoelectrons.  Additional  evidence  for 
this  fact  is  provided  by  the  minimum  in  the  energy  flux  at  180°  pitch 
angle,  i.e.  upcoming  fluxes. 

These  plots  of  "instantaneous"  fluxes  and  intensities  are 
interesting  and  useful  in  their  own  right,  but  for  quantitative  flux  and 
optical  emission  comparisons  further  analysis  is  required.  To  improve  the 
quantitative  aspect  of  the  data  we  have  calculated  the  precipitated  energy 
flux.  For  each  energy  band  the  precipitated  flux  is  integrated  over  the 
loss  cone  - this  is  done  for  the  two  halves  of  the  cone  - ascending  and 
descending  from  the  zenith.  These  two  values  are  the  same  in  a region  of 
stable  precipitation;  their  difference  gives  a measure  of  this  stability. 
For  the  optical  emissions  corrections  must  be  made  for  airglow  background 
and  for  earth  albedo.  The  airglow  is  subtracted  by  manually  selecting 
baseline  regions  outside  the  auroral  region,  on  one  or  preferably  both 
sides  of  the  aurora.  A linear  interpolation  is  used  inside  the  auroral 
region.  An  albedo  correction  is  made  using  the  method  of  Hays  and  Anger 
(1978) . As  applied  to  the  6300  A emission  the  method  assumes  that  the 
aurora  is  of  uniform  intensity  in  the  east-west  direction.  An  albedo  of 
0.5  was  used,  as  larger  values  gave  evidence  of  overcorrection.  The  data 
resulting  from  these  corrections  are  plotted  against  invariant  latitude, 
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one  data  point  per  spin  as  shown  in  Figure  3.  For  the  electron  fluxes, 
each  half-cone  flux  is  shown  by  a short  bar,  with  the  bars  connected  with  a 
vertical  line.  These  values  are  also  stored  in  an  on-line  data  base  for  an 
analysis  to  be  described  later.  Values  of  optical  emission  rate  averaged 
over  the  corresponding  time  regions  are  also  stored  in  the  data  base  along 
with  other  temporal  and  spatial  parameters. 


C,  The  Analysis  Approach: 

Earlier  analyses  by  Bunn  (1974)  had  shown  non-linear  relationships 
between  total  energy  flux  and  6300  A emission  rate,  in  agreement  with  the 
known  energy  dependence  of  excitation  of  the  emission.  More  energetic 
precipitation  penetrates  to  lower  levels  of  the  atmosphere  where  the 
O^D)  level  is  more  heavily  quenched  by  N2  (Hays,  1978)  and  yields 
correspondingly  less  emission.  The  non-linear  plots  obtained  by  Bunn 
(1974)  are  interesting  in  that  they  imply  a systematic  relationship  between 
energy  spectrum  and  energy  flux  but  that  will  not  be  pursued  here. 

However,  for  a given  energy  band,  if  it  may  be  assumed  monoenergetic,  there 
must  be  a linear  relationship  between  the  precipitated  energy  ard  the 
amount  of  emission  it  produces.  For  the  ith  energy  band  we  can  therefore 
define  a production  coefficient  as  follows: 

(1) 

where  1^  is  the  emission  intensity  and  F^  is  the  energy  flux  for 

the  ith  band.  For  the  units  used  lie  re  the  production  coefficient  e^ 

-1  2 

will  be  in  Rayleighs  erg  cm  sec,  A given  aurora  may 

then  be  represented  by  a linear  superposition  of  energy  fluxes  giving  some 

total  intensity  I: 

I = E e i 
i=l 


I.  = e-  F- 
l ei  ci 


(2) 


PHOTOMETRIC  EMISSION  RATE  (LOG, 0 RAYLEIGHS) 
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We  had  originally  proposed  to  determine  the  coefficients  by  a 
regression  analysis  of  the  data  base,  using  the  stored  values  of  I and 
F^;  it  was  later  discovered  that  four  bands  was  about  as  many  as  the 
method  and  data  would  cope  with,  at  least  for  an  initial  study,  lhe  bands 
were  originally  divided  in  a way  that  allocates  roughly  the  same  energy 
flux  to  each* band,  and  that  associates  certain  geophysical  significance 
(e.g.  photoelectrons,  E & F-region  energy  deposition)  with  each.  The 
result  was  the  four  bands  shown  in  Figures  2 and  3.  A regression  analysis 
was  performed,  to  minimize  the  sum  of  the  squares  of  the  differences 
between  the  observed  intensity,  I^g,  values  and  the  right  side  of 
equation  (2).  To  illustrate  the  quality  of  the  results,  Figure  4 shows 
plots  for  each  band  of  F^  versus  I^,  where  1^  is  calculated 
from: 

Xi  * IOBS  “ j$i  ej  Fj  (3) 

Logarithmic  plots  are  used  even  though  the  regression  was  linear  and  thus 

the  value  fitted  by  regression  is  constrained  to  be  a line  of  constant 

slope,  as  shown  by  the  regression-determined  line  on  each  plot.  The 

logarithmic  scale  makes  the  scatter  look  worse  than  it  is  and  scatters  it 

unequally  about  both  sides  of  the  fitted  line  - the  fitted  line  tends  to 

follow  the  upper  limit  of  the  data  points.  It  should  also  be  pointed  out 

that  the  actual  Ij  values  cannot  be  calculated  since  the  teg  tession  is 

simultaneous  on  all  four  plots;  the  total  error  is  thrown  into  each  plot 

individually  and  is  not  the  sum  of  all  of  the  scatter  on  all  of  the  plots. 

Bearing  in  mind  then  that  the  plots  are  illustrative  the  following  comments 

are  in  order.  From  a larger  number  of  candidate  orbits,  12  orbits  were 
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selected  for  the  regression  analysis,  yielding  172  data  points.  These 
orbits  were  between  Oct.  2 and  Nov.  24,  1971,  so  that  a rather  narrow  range 
of  season  and  local  time  is  represented.  Returning  to  Figure  4 (b) , the 
60-300  eV  band  shows  a convincing  regression  fit,  in  terms  of  the  linearity 
within  this  band.  Figures  4 (c)  and  4 (d) , which  show  the  .3-1  keV  and 
1-15  keV  bands  respectively,  show  less  convincing  but  nevertheless 
satisfactory  relations.  For  the  5-60  eV  band  shown  in  Figure  4 (a)  the 
intensities  seem  rather  independent  of  the  fluxes  and  one  cannot  have  as 
much  confidence  in  the  value,  but  because  of  the  low  energies  involved  this 
band  did  not  contribute  much  to  the  regression  and  the  coefficients 
obtained  for  the  other  bands. 

D.  Results: 

The  production  coefficients  obtained  are  shown  in  Table  1,  in 
-1  2 

Rayleighs  erg  cm  sec,  along  with  their  probable  errors  and 
limits  on  the  regression  estimate. 

Table  1 

6300A  Production  of  Coefficients  Determined  by  Regression  Analysis 

Ehergy 


5-60  eV 

60-300  eV 

.3-1  keV 

1-15  keV 

6300A  production 

Coefficients  R erg"^ 

cm2  s 

1120 

1520 

277 

14.3 

Probable  error 

262 

84 

22 

1.2 

Lower  limit 

603 

1354 

231 

11.8 

Upper  limit 

1462 

1688 

322 

16.7 

Weighted  mean  energy 

30  eV 

200  eV 

.5  keV 

5 keV 

Production  Efficiency 

Photons/electrons 

0.05 

0.49 

0.22 

0.11 

1 


A more  fundamental  way  to  express  the  production  efficiency  is  in  terms  of 

2 

the  number  of  photons  that  are  emitted  from  a 1 cm  column  for  each 
incident  electron  that  enters  the  column  at  the  top  (unit  incident  flux), 
Hie  production  coefficients  are  also  given  in  these  units  in  this  table, 
but  since  the  conversion  factor  is  energy  dependent  it  is  necessary  to 
assign  an  "average"  energy  to  each  band  to  make  the  conversion.  We  have 
assigned  subjective  weighted  average  values  that  reflect  the  shape  of  the 
spectrum  within  each  band,  and  these  values  are  given  as  well. 

Although  as  explained  in  the  introduction  we  do  not  wish  to  become 
embroiled  in  a discussion  of  excitation  mechanisms,  it  is  still  appropriate 
to  make  some  comparisons  with  theoretical  calculations.  In  Figure  5 the 
values  of  production  coefficient  are  shown  as  a function  of  energy  for  the 
6300  A data  of  Figure  4,  for  the  calculations  of  Banks  et  al.  (1974),  for 
the  calculations  of  Mantas  and  Walker  (1976),  and  for  an  in  situ  rocket 
measurement  into  conjugate  photoelect rons  by  Shepherd  et  al,  (1978),  Hie 
values  of  Rees  and  Luckey  (1974)  cannot  be  compared  directly  because  their 
results  are  for  power-  exponential  spectra,  But  taking  their  production 
coefficient  for  the  4278  A band  at  1 kR  emission  rate  of 
160  erg  * am2  sec  and  their  1(6300)/  1(4278)  ratios  as  a function 
of  characteristic  energy,  a , and  using  the  average  energy  which  is  2a  , 
we  obtain  the  points  shown  in  the  figure  (a  constant  I (3914 ) /I (4278 ) = 3 
was  applied) , Hie  agreement  between  all  of  these  is  surprisingly  good, 
considering  that  no  attention  has  been  paid  to  standardization  of  model 
atmospheres,  ionospheric  electron  densities,  reaction  rates  and  the  like, 
and  further  considering  the  order  of  magnitude  discrepancies  cited  in  the 
introduction. 
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COMPARISON  OF  THEORETICAL  AND 
EXPERIMENTAL  EFFICIENCIES  FOR  THE 
PRODUCTION  OF  6300A  EMISSION  BY 
PRECIPITATING  ELECTRONS  AS  A 
FUNCTION  OF  ELECTRON  ENERGY  ANO 
EXPRESSED  IN  UNITS  OF  PHOTONS/ELECTRON. 


\ REES 

\ 

\ 


\ 

X 

I 

I 


O BANKS,  CHAPPELL  AND  NAGY  (1974) 
• MANTAS  AND  WALKER  (1976) 

□ ISIS  AURORAL  ELECTRONS 
■ K9M  CONJUGATE  PHOTOELECTRONS 


E.  Estimation  of  energy  fluxes  from  optical  emissions: 

As  an  initial  test  of  the  regression  fit,  we  show  in  Figure  6 the 
calculated  6300  A emission  for  orbit  2848  obtained  from  using  the  measured 
energy  fluxes  and  the  fitted  coefficients.  The  agreement  is  entirely 
satisfactory,  giving  one  confidence  in  the  procedure.  It  may  be  noted  that 
the  regression  coefficients  obtained  when  orbit  2840  is  deleted  from  the 
data  set  are  essentially  identical  in  and  and 

show  only  some  variation  in  e^,  so  that  the  agreement  is  an  indication 
of  the  stability  of  the  whole  dataset,  not  just  the  regeneration  cl  a 
limited  amount  of  data  from  itself. 

In  applying  this  information  to  deduce  energy  fluxes  from  optical 

emissions  one  notes  from  Table  1 that  a large  fraction  of  the  6300  A 

emission  comes  from  the  60-300  eV  band.  If  it  all  came  from  only  this  band 

then  the  6300  A emission  could  be  used  to  calculate  the  60-300  eV  flux  very 

simply.  To  improve  this  procedure  one  notes  that  for  most  energy  spectra, 

at  least  on  the  nightside,  that  most  of  the  precipitated  flux  lies  outside 

the  60-300  eV  band.  Since  the  3914  A emission  is  a measure  of  the  total 

energy  flux,  this  emission  can  be  used  to  determine  the  energy  flux  above 

300  eV  and  to  correct  for  the  amount  of  6300  A emission  produced  by 

electrons  above  this  energy.  Unfortunately  we  cannot  distinguish  between 

the  .3-1  keV  and  1-15  keV  flux  channels  in  this  way,  but  since  the  latter 

is  wider  and  carries  most  of  the  energy  it  does  not  matter  too  much, 

-1  2 

Combining  the  160  R erg  am  sec  efficiency  for  4278  A emission 
from  Rees  and  Luckey  (1974),  the  I (3914)/I (4278)  ratio  of  3 and  the 
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production  coefficients  of  1520  and  14  R erg  cm  sec  for  the 
60-300  eV  and  1-15  keV  bands  respectively  one  obtains: 

F(60-300eV)  = (1/1520)  d6300  - I3914/30)  erg  cm-2  sec-1  (4) 

Figure  6 shows  a comparison  between  the  calculated  and  measured  fluxes,  but 
as  we  might  have  expected,  the  agreement  is  better  if  we  compare  the 
predicted  fluxes  with  the  sum  of  the  two  low  energy  bands,  5-300  eV.  The 
above  equation  can  therefore  be  applied  to  the  calculation  of  the  F(E<300 
eV)  flux.  Hie  agreement  is  satisfactory,  although  the  calculated  fluxes 
are  consistently  higher.  This  probably  results  from  neglecting  the  .3-1 
keV  band.  We  make  an  upward  adjustment  by  a factor  of  2.5  to  bring  these 
curves  into  agreement  and  the  final  equation  is  therefore: 

F(E<300  eV‘<  = 2.63  x 10-4  1(6300)  - 8.77  x 10~6  1(3914)  erg  cm^sec-1  (5) 

F.  Discussion  and  Conclusions: 

At  the  present  time  we  have  in  the  data  base  only  low  resolution 
preliminary  values  of  the  3914  A emission,  uncorrected  for  albedo.  When 
corrected  3914  A values  are  incorporated  it  will  be  possible  to  refine  the 
above  equation  further.  While  the  formulation  has  been  based  r>n 
approximate  arguments  one  can  see  that  it  could  be  determined  from  a 
strictly  empirical  "inverse"  regression  from  the  data  base,  where  the 
coefficients  of  the  optical  intensities  in  equation  (5)  are  found  by 

\ 

regression  against  the  flux  in  the  two  lowest  energy  bands.  : 

' i 

Although  our  confidence  in  the  method  is  limited  to  use  with  ISIS  j 

data,  there  is  in  principle  no  reason  why  it  cannot  be  applied  in  general, 
and  specifically  with  ground-based  data.  However,  one  would  like  to 
calibrate  this  application  and  the  only  comparisons  we  have  are  those  using 


RAYLEIGHS-  O LOG,n  60-300eV  FLUX 
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PREOICTED  60-300eV  FLUX  USING  F=  6.57  X l(T4  I(6300)-2.I9  X IO"5 

I (3914) 


Figure  6 
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rocket  data,  which  as  explained,  seem  at  variance  with  satellite  data. 
Applying  our  formulation  to  the  estimation  of  6300  A emission  rate,  using 
the  measured  fluxes  of  Arnoldy  and  Lewis  (1977),  Rees  et  al.  (1977),  and 
Sivjee  and  McEwen  (1976),  values  obtained  are  lower  by  at  least  an  order  of 
magnitude  than  observed  experimentally.  This  is  surprising,  but  is  at 
least  consistent  with  the  result  that  the  ISIS  data  and  theoretical 
calculations  agree,  and  the  theory  is  an  order  of  magnitude  too  low 
compared  with  rocket  results. 


III.  Comparison  of  Particle,  Optical,  and  Electron  Density  Data 

Item  2 of  the  contract  has  as  its  basic  goal  the  inference  of  gross 
characteristics  of  the  ionosphere  such  as  the  trough  poleward  boundary  from 
optical  and  particle  data  from  satellites.  Item  4 had  the  same  basic  goal, 
i.e.  to  ascertain  ionospheric  parameters  by  indirect  means,  as  item  2 
except  that  joint  data  analysis  of  DMSP,  ISIS,  and  AFGL  Airborne 
Ionospheric  Laboratory  was  to  be  the  means.  These  basic  goals  were 
accomplished  in  the  paper  'A  Case  Study  of  the  Aurora,  High-Latitude 
Ionosphere,  and  Particle  Precipitation  During  Near  Steady  State  Conditions' 
(See  Appendix) . The  abstract  for  this  paper  is  given  below. 


An  ISIS-2  pass  is  singled  out  for  a 
detailed  examination  of  the  particle  fluxes, 
optical  emissions,  and  ionospheric  parameters 
observed  during  a quiescent  period  (late 
recovery)  between  two  substorms.  This  pass 
was  chosen  because  it  was  part  of  a 
coordinated  data  acquisition  period  between 
the  Air  Force  Geophysics  Laboratory  (AFGL) 
Airborne  Ionospheric  Observatory,  ISIS-2,  and 
DMSP  (Defense  Meteorological  Satellite 
Program) . As  a result,  both  long-duration 
measurements  (aircraft)  and  transient, 
snapshot  (spacecraft)  data  are  available. 

This  allows,  on  a macroscopic  level,  the 
separation  of  space  and  time  effects. 
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Ch  the  basis  of  the  joint  data  set  it 
was  established  that  the  latitudinal 
morphology  observed  by  the  satellite  is 
basically  spatial  in  nature.  It  is  concluded 
that  the  observed  particle  fluxes  are  most 
easily  understood  in  terms  of  precipitation 
from  the  quiet  time  plasma  sheet  without 
intervening  acceleration.  The  observed 
optical  emissions  and  ionospheric  parameters 
are  found  to  be  in  good  qualitative  and 
quantitative  agreement  (within  experimental 
error)  with  the  electron  fluxes,  although 
establishment  of  this  point  has  required 
careful  determination  of  the  viewing 
direction  of  the  optical  instruments,  removal 
of  scattered  light  (albedo)  from  underlying 
cloud  and  snow,  and  consideration  of  the 
effects  of  photon-counting  statistics  on 
contour  plots  of  the  optical  data. 


Figure  4 (see  Section  VII)  of  this  paper  graphically  summarizes  the 
results  obtained  for  this  winter  pass.  Panel  E provides  a measure  of  the 
particle  energy  fluxes  in  two  bands  corresponding  roughly  to  E & F region 
energy  deposition.  Comparison  of  panel  E with  the  electron  densities  at 
various  heights  given  in  panels  A & B clearly  demonstrates  that  the 
equatorward  edge  of  precipitating  electrons  corresponds  to  the  poleward 
trough  wall  and  poleward  precipitation  boundary  to  the  polar  cap.  It  can 
be  seen  in  panel  C that  the  equatorward  precipitation  boundary  also 
corresponds  to  the  onset  of  6300  A ( and  also  5577  & 3914)  auroral 
emissions. 

As  would  be  expected  the  maximum  E region  response  (See  panel  D) 
observed  by  the  aircraft  occurs  at  the  point  of  highest  average  electron 
energy  observed  by  ISIS.  The  stars  in  panel  D are  calculated  fQEa  based 
on  the  observed  particles.  Good  agreement  is  observed  between  the 
calculated  and  observed  values.  The  aircraft  also  observed  FLIZ  over  the 
particle  flux  region  that  it  sampled. 
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Based  on  the  data  presented  in  this  paper  one  can  derive  the 
following  conclusions. 

1.  The  poleward  trough  boundary  corresponds 

to  the  equatorward  edge  of  >100  eV  electron 
precipitation  during  local  sunset  conditions. 

2.  Ihe  equatorward  edge  of  enhanced  6300  A emissions 
coincides  with  the  equatorward  edge  of  >100  eV  electron 
precipitation  and  thus  with  the  poleward  trough  wall. 

3.  One  can  infer  the  instantaneous  latitude  of  the 
poleward  trough  wall  as  a function  of  local  time 
from  6300  satellite  images  during  sunset. 

4.  If  high-altitude  cinematography  of  6300  A were 
available  then  the  gross  dynamics  of  the  trough 
could  be  ascertained. 

IV.  Dynamical  Effects 

The  ultimate  goal  of  this  contract  is  expressed  in  item  3,  namely  the 
determination  of  the  dynamical  position  of  the  poleward  trough  wall  by 
indirect  means. 

It  has  been  shown  in  the  previous  sections  that 

(1)  it  is  possible  to  define  an  empirical  relationship 
between  <300  eV  electron  fluxes  and  6300  A fluxes 
based  on  ISIS-2  results, 

(2)  the  equatorward  boundary  of  enhanced  6300  A emissions 
and  low-energy  electrons  coincide  and  that  both  coincide 
with  the  concurrently  observed  poleward  trough  wall 
during  sunset  periods. 
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What  is  needed  now  is  to  relate  one  of  the  observed  ISIS  particle 
or  optical  boundaries  to  substorm  and  IMF  variations  in  order  to  evaluate  the 
dynamic  behavior  of  the  coincident  poleward  trough  wall.  We  have  chosen  the 
electron  fluxes  as  the  unifying  (and  obviously  causative)  agent.  In  the 
paper  "A  Statistical  Study  of  the  'Instantaneous'  Nightside  Auroral  Oval: 

The  Equatorward  Boundary  of  Electron  Precipitation  as  Observed  by  the  ISIS  1 
and  2 Satellites”  (See  Section  VII)  this  goal  was  accomplished.  Ihe  abstract 
of  the  paper  is  reproduced  below  and  the  reader  is  referred  to  Section  VII 
for  the  entire  text. 


Electron  spectrograms  from  351  passes  of  the  ISIS 
1 and  2 satellites  were  utilized  to  study  statistically 
the  effects  of  the  interplanetary  magnetic  field 
(IMF),  substorm  activity,  and  the  earth's  dipole 
tilt  angle  on  the  latitude  of  the  equatorward 
boundary  of  the  nightside  (2000-0400  magnetic 
local  time)  'instantaneous'  auroral  oval.  Ihe 
boundary  location  (in  invariant  latitude)  of  the 
instantaneous  oval  at  hourly  local  time  intervals 
was  identified  in  terms  of  the  equatorward 
boundary  of  the  diffuse  > 100  eV  electron 
precipitation.  Ihe  following  characteristics 
were  noted:  (1)  Ihe  north-south  component  (^ ) 
of  the  IMF  plays  the  dominant  role  in  controlling 
the  motion  of  this  boundary.  Ihe  invariant 
latitude  of  the  boundary  is  shown  to  shift  by 
approximately  4°  depending  on  the  direction 
of  the  IMF  (northward  and  southward,  respectively) 
relative  to  its  position  corresponding  to  B = 0. 

This  indicates  an  inward  motion  of  the  associated 
boundary  in  the  magnetotail  by  about  5 earth  radii 
when  the  IMF  changes  its  direction  from  northward 
to  southward  with  large  magnitude.  Ihere  is  a 
significant  difference  in  the  amount  of  the  shift 
between  the  evening  and  morning  sectors:  i.e.,  for 
the  same  decrease  in  Bz  value  the  boundary  moves 
more  equatorward  in  the  morning  sector  than  in  the 
evening  sector.  When  the  obtained  oval  particle 
boundary  was  projected  onto  the  equatorial  plane  of 
the  magnetotail  along  magnetic  field  lines,  good 
agreement  was  found  between  the  projected  boundary 
and  the  drift  boundary  (the  Alfven  layer)  of  low-energy 
electrons  in  the  presence  of  the  dawn-dusk  electric 
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field.  Thus  this  agreement  gives  new  evidence 
showing  that  the  diffuse  electron  precipitation  that 
produces  the  diffuse  aurora  originates  near  and  at  the 
inner  boundary  of  the  plasma  sheet.  (2)  Substorm 
activity  seems  to  have  a separate  role  in  determining 
the  latitude  of  the  equatorward  boundary  of  the  nightside 
auroral  precipitation  region.  The  boundary  during  substorm 
periods  is  statistically  found  to  be  2°  - 3°  lower  in 
invariant  latitude  than  that  during  quiet  times.  Even  a 
simple  classification  into  quiet  and  disturbed 
conditions  improves  the  accuracy  with  which  the  auroral 
oval  location  can  be  inferred.  By  combining  the  IMF 
effect  and  the  substorm  effect  it  is  indicated  that 
the  boundary  is  located  at  the  lowest  latitudes  when 
a substorm  takes  place  during  a southward  IMF  with 
large  magnitude,  whereas  the  boundary  is  located  in 
the  highest  latitudes  when  the  IMF  has  a northward 
component  during  quiet  times.  (3)  The  equatorward 
boundary  of  the  nightside  auroral  oval  is  located  at 
higher  latitudes  in  the  winter  hemisphere  than  in  the 
summer  hemisphere,  although  this  effect  of  the  earth's 
dipole  tilt  is  usually  smaller  than  the  effects  of  the 
IMF  and  substorm  activity. 


Figures  3a  to  c and  Table  1 of  this  paper  provide  an  empirical 

relationship  that  relates  the  > 100  eV  equatorward  boundary  of 

precipitating  electrons  to  the  IMF  B_  component.  These 

z 

relationshhips  can  be  used  in  conjunction  with  knowledge  of  the  IMF  B 

z 

component  to  'predict'  the  location  of  the  > 100  eV  electron  boundary  and 
thus  the  poleward  trough  wall  for  darkened  conditions.  However,  the 
following  caveats  must  be  remembered, 

(1)  Subetorm  effects  are  not  uniquely  separated.  If  concurrent  knowledge 
of  the  AE  or  better  index  is  available  then  the  values  predicted  by  the 
coefficients  in  Table  1 should  be  revised  downward  by  1 to  3°  depending 

on  substorm  magnitude. 

(2)  Dgj  effects  were  purposefully  excluded  from  this  study  and  thus 
caution  must  be  used  when  applying  the  formulas  for  'predictive'  purposes 
during  very  disturbed  periods. 


With  the  above  caveats  in  mind  one  can  now  'predict'  the  poleward  trough 
wall  during  darkened  conditions  in  the  local  time  range  2000  to  0400,  based 
on  near  real-time  knowledge  of  the  one-hour  average  IMP  B component. 

If  one  wishes  to  'measure'  the  local  time,  latitude  location  of  the 

poleward  trough  wall  during  dark  periods  then  6300  A images  obtained  in 

near  real-time  by  polar  orbiting  satellites  can  be  used.  Such  data  can  be 

used  to  refine  the  predictions  based  on  averaged  IMF  B_.  These 

z 

'images'  provide  an  'instantaneous'  position  independent  of  magnetic 
activity  of  the  low-energy  electron  boundary  and  thus  the  trough  wall.  One 
caveat  should  be  applied  to  the  above,  namely  that  during  periods  of 
decreasing  activity  the  trough  wall  could  be  at  slightly  lower  latitudes  as 
a result  of  recombination  hysterisis. 

If  no  optical  data  is  available  then  electron  data  obtained  in  the 
2000  to  0400  LT  sector  could  be  used  to  measure  the  local  trough 
position  and  extrapolations  to  other  local  times  based  on  Table  1 could 
be  made.  If  both  low-energy  electron  data  and  6300  A images  are 
concurrently  available,  then  cross  checks  can  be  made.  This  also  holds 
true  for  checking  the  prediction  based  on  IMF  data  if  the  one  hour 
average  of  B is  concurrently  available  with  the  polar  satellite  data. 

V.  Suninary  and  Conclusions 

Based  on  the  ISIS  1 and  2 data  set  it  has  been  possible  to  meet 
the  goals  set  forth  in  this  contract.  The  relationships  derived  in 
section  2 can  be  used  to  relate  6300  A emissions  to  low-energy  (<300  eV) 
fluxes  in  a quantitative  way  and  vice-versa.  If  suitable  ionization 
production  models  were  available  then  < 300  eV  energy  fluxes  'images', 
derived  from  concurrent  6300  A images,  could  be  utilized  to  predict 
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F- region  behavior.  One  possible  result  would  be  the  derivation  of 
an  estimate  of  FoF2  during  darkened  conditions,  Ibis  result  along  with 
the  local  time  position  of  the  trough  would  allow  an  estimate  of  the 
severity  of  scattering  from  the  steep  poleward  wall  of  the  trough  and 
the  fluctuations  embedded  in  it.  Knowledge  of  the  IMF  Bz  component  in 
near  real-time  would  allow  a dynamic  ’prediction’  of  the  trough  wall. 
Such  a prediction  could  be  used  to  allow  reconfiguration  of  systems 
affected  by  the  trough  wall  and  fluctuations  at  or  near  it. 

VI . Recommendations 

1.  Verification  tests  of  tire  derivation  of  < 300  eV  electron 
fluxes  based  on  6300  A images  should  be  undertaken.  This  could  be 
achieved  with  either  existing  or  new  data  sets. 

2.  Model  calculations  of  ionospheric  parameters  based  on 
particle  arid  optical  data  slrould  be  undertaken.  The  results  should 
be  compared  with  concurrently  obtained  ionospheric  data.  If  positive 
tire  results  of  such  calculations  could  be  used  to  predict  ionospheric 
parameters  based  on  satellite  images.  This  technique  would  be  extremely 
powerful  if  high-altitude  6300  A cinematog rnphy  were  available.  A first 
attempt  at  this  could  be  made  with  results  from  tire  NASA  Dynamics 
Explorer  A & B particle  and  cinematography  data,, 

3.  Verification  tests  of  tire  accuracy  of  trough  wall  prediction 
based  on  IMF  Bz  data  and  tire  empirical  relations  derived  in  tire  work 
should  be  undertaken.  Such  verification  tests  would  probably  lead  to 
further  refinements  of  tire  'predicative'  formulas.  If  proved 
reasonably  accurate  tlrese  arrpirical  predictions  could  form  tire  basis 
for  operational  decisions  for  systems  affected  by  the  physics  occurring 
at  tire  trough  wall. 
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4.  If  the  results  derived  under  this  contract  are  proven  to  be 
’reliable'  and  the  derivable  results  relevant  to  Air  Force  needs  then 
high-altitude  (>2Rg)  satellite  imaging  should  be  considered  as  a 
test  mission.  Such  a test  could  be  used  to  define  the  operational 
utility  of  a real-time,  fine  time  scale  (<  10  min)  monitoring  of 
auroral  emissions. 
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Electron  spectrograms  from  J S I passes  of  the  Isis  I and  2 satellites  were  utilised  to  study  statistically  the 
effects  of  the  interplanetary  magnetic  field  (IMP),  substorm  activity,  and  the  earth's  dipole  tilt  angle  on 
the  latitude  of  the  equatorward  boundary  of  the  nightside  (7000-0400  magnetic  local  time)  'instanta- 
neous' auroral  oval.  The  boundary  location  (in  invariant  latitude)  of  the  instantaneous  oval  at  hourly 
fiscal  time  intervals  was  identified  in  terms  of  the  equatorward  boundary  of  the  diffuse  > 100-eV  electron 
precipitation.  The  fallowing  characteristics  were  noted:  (I)  The  north-south  component  (#,)  of  the  IMP 
plays  the  dominant  role  in  controlling  the  motion  of  this  boundary.  The  invariant  latitude  of  the 
boundary  is  shown  to  shift  by  approximately  ±4*  depending  ssn  the  direction  of  the  IMP  (northward  and 
southward,  respectively)  relative  to  its  position  corresponding  to  B,  - 0,  This  indicates  an  inward  motion 
of  the  associated  boundary  in  the  mugnctotail  by  about  5 earth  radii  when  the  IMP  changes  its  direction 
from  northward  to  southward  with  large  magnitude.  There  is  a significant  difference  in  the  amount  of  the 
shift  between  the  evening  and  morning  sectors:  i.e..  for  the  same  decrease  in  H,  value  the  boundary  moves 
more  equatorward  in  the  morning  sector  than  in  the  evening  sector.  When  the  obtained  oval  particle 
boundary  was  projected  onto  the  equatorial  plane  of  the  magnctotuil  along  magnetic  field  lines,  good 
agreement  was  found  between  the  projected  boundary  and  the  drift  boundary  (the  Alfvin  layer)  of  low  - 
energy  electrons  in  the  presence  of  the  dawn-dusk  electric  field  Thus  this  agreement  gives  new  evidence 
showing  that  the  diffuse  electron  precipitation  that  produces  the  diffuse  aurora  originates  near  and  at  the 
inner  boundary  of  the  plasma  sheet.  (2)  Substorm  activity  seems  to  have  a separate  role  in  determining  the 
latitude  of  the  equatorward  boundary  of  the  nightside  auroral  precipitation  region  T he  houndarv  during 
suhstorm  periods  is  statistically  found  to  he  2*-J*  lower  in  invariant  latitude  than  that  during  quiet  times 
Even  a simple  classification  into  quiet  and  disturbed  conditions  improves  the  accuracy  with  which  the 
auroral  oval  location  can  be  inferred.  Hy  combining  the  IMP  effect  and  the  substorm  effect  it  is  indicated 
(hat  the  boundary  is  located  at  (he  lowest  latitudes  when  ,t  suhstorm  takes  place  during  a southward  IMP 
with  large  magnitude,  whereas  the  boundary  is  located  in  the  highest  latitudes  when  the  IMP  lias  a 
northward  component  during  quiet  times  (5)  The  equatorward  boundary  of  the  nightside  auroral  oval  is 
located  at  higher  latitudes  in  the  winter  hemisphere  than  in  the  summer  hemisphere,  although  this  effect  of 
the  earth's  dipole  till  is  usually  smaller  than  the  effects  of  the  IMI  and  substorm  activity 


INIKOIHJCTION 

The  ’classical'  auroral  oval  (or  belt),  which  is  defined  as  the 
locus  of  high  frequency  (7*75%)  of  auroral  appearance  [Feld- 
stent,  1965,  1966),  has  been  used  extensively  to  order  geophysi- 
cal data  t'other  (1975)  has  pointed  out  several  pitfalls  in  this 
usage  He  states  that  it  is  the  instantaneous  region  of  visual 
and  subvistial  auroral  emissions  that  is  most  relevant  Hereaf- 
ter, the  term  auroral  oval  should  he  interpreted  to  mean  the 
'instantaneous'  region  of  particle-produced  optical  emissions, 
both  diffuse  and  discrete  The  'classical'  auroral  oval  will  be 
that  defined  hy  Feldstrin 

The  sire  of  the  auroral  oval  is  not  lived  but  varies  with 
magnetic  activity  During  gcomagnetically  active  periods  the 
classical  auroral  oval  expands  equatorward,  reaching  the  lati- 
tude of  the  auroral  /one,  while  it  contracts  poleward  during 
periods  of  low  activity  (Feldstem  and  Starkor.  I967|  Since 
Dungev'k  (1961 1 suggestion,  that  a southward  interplanetary 
magnetic  field  (IMF)  results  in  a net  magnetic  flux  transfer 
from  the  day  side  to  the  nightside.  the  equatorward  shift  of  the 
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auroral  oval  has  been  actively  discussed  |eg„  Commit  and 
Kennel.  1975),  Indeed,  an  extensive  study  of  auroral  and  mag- 
netic substorms  and  the  dynamics  of  the  classical  auroral  oval, 
based  on  data  from  a meridian  chain  of  all-sky  cameras  and 
magnetometers,  suggests  that  the  north-south  component  of 
the  IMF  controls  the  si/e  of  the  auroral  oval  (.■Uruo/ir  ei  at, 
1975,  Kamide  and  Akauiju.  1974).  However,  there  is  a diffi- 
culty m examining  whether  the  location  of  the  auroral  oval 
depends  solely  on  the  north-south  component  of  the  IMF  or 
on  both  the  IMF  and  the  substorm  activity,  because  of  the 
dose  relationship  between  the  southward  component  of  the 
IMF  and  geomagnetic  activity  | Fairfield  and  kahili.  1966, 
Sehatlen  and  H'ltcox.  I9&7.  Htrshberg  and  Colburn,  1969)  Re- 
cently, Kamide  et  al  [1976)  reported  separate  effects  of  these 
two  parameters  on  the  location  of  the  cleft  (the  day  side  por- 
tion of  the  auroral  oval),  while  no  such  svstematic  study  on  the 
nightside  has  yet  been  made 

Another  difficulty  m previous  all-sky  camera  studies  of  the 
classical  auroral  oval  is  that  even  the  combined  'held  ol  view' 
of  the  cameras  was  not  extensive  enough  to  study  the  auroral 
distribution  simultancouslv  over  the  entire  polar  region  This 
difficulty  has  been  removed  to  a significant  extent  bv  auroral 
imagery  from  scanning  photometers  aboard  the  Isis  2 and 
DMSI*  satellites  ( tnger  et  al , 1975,  l.ta  and  4 tiger.  I91 ',  hke 

t)  Th»  U.S.  Govarrvmtnt  i»  authoriMd  to  rwprodiic#  and  soil  this  inport. 
PwmiHion  for  further  reproduction  by  othart  must  bn  obtained  tiom 
the  copyright  owner. 
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ter  pictures  and  determined  the  cquatorward  boundary  of  the 
diffuse  3914-A  and  5577-A  auroral  belt  at  magnetic  local  mid- 
night to  the  nearest  latitudinal  degree  for  58  satellite  passes. 
The  cquatorward  boundary  of  > 100-eV  electron  precipitation 
studied  in  this  paper  would  be  more  closely  related  to  the  6300- 
A diffuse  aurora.  When  the  latitudinal  patterns  presented  in 
Winningham  et  al.  [ 1975]  are  considered,  the  > 100-eV  electron 
boundary  will  be  cquatorward  (approximately  1°)  of  that  de- 
termined from  the  3914-A  and  5577-A  emission  lines.  The 
accuracy  of  the  boundary  determination  in  the  present  study  is 
approximately  0.1°. 

Wc  first  examine  a long  period  during  which  the  data  were 
taken  on  successive  orbits.  Then,  on  the  basis  of  a large  data 
set  (a  total  of  351  Isis  I and  2 passes)  covering  a wider  area  of 
the  nightsidc  auroral  region,  wc  examine  quantitatively  the 
dependence  of  the  cquatorward  boundary  not  only  on  geo- 
magnetic activity  but  also  on  the  IMF  and  the  earth’s  dipole 
tilt  angle. 

Analysis 

In  this  study  wc  used  data  from  the  following  periods:  June 
7 to  July  26,  1969  (Isis  I data).  May  29  to  August  20, 1971  (Isis 
2 data),  and  October  18,  1971,  to  January  13,  1972  (Isis  2 
data).  We  chose  the  351  satellite  passes  for  this  particular 
study  by  the  following  criteria: 

I.  The  satellite  pass  occurred  over  the  auroral  region 
within  2000-0400  MLT  (magnetic  local  time). 


2.  The  cquatorward  boundary  of  the  diffuse  auroral  pre- 
cipitation along  the  satellite  pass  could  be  determined  with 
little  difficulty  in  the  electron  spectrogram  (see  Figure  la). 

3.  Simultaneous  IMF  values  were  measured  by  the  Ex- 
plorer 33  and  35,  lntp-G  (Imp  5),  or  Imp-1  (Imp  6)  satellites 
for  an  interval  of  at  least  I hour  preceding  the  Isis  pass  over 
the  auroral  oval. 

4.  The  Dst  index  [Sugiura  and  Paros,  1971,  1972]  during 
the  entire  period  across  the  auroral  region  was  above  -40  ■*  (* 
nT,  nanotesla).  High-Art  intervals  were  excluded  to  eliminate 
a possible  effect  of  the  large  magnctospheric  inflation  due  to 
the  storm  lime  ring  current  [cf.  Akasofu  and  Chapman.  1963]. 

Details  of  the  Isis  soft  particle  spectrometer  (SPS)  can  be 
found  in  the  work  by  Heikkila  et  al.  { 1 970],  Heikkila  and 
Winningham  [1971],  Winningham  et  al.  [1973],  and  Lui  el  al. 
[1977].  For  details  of  the  format  of  electron  spectrograms 
based  on  data  from  the  SPS,  see  Winningham  el  al.  (1975. 
Figure  la]. 

Latitudinal  Morphology  op  Nightside 
Et  ectron  Precipitation 

In  Figure  la  wc  show  a series  of  Isis  electron  spectrograms 
for  six  passes  which  occurred  on  July  26,  1969.  The  Isis  SPS 
measures  electrons  between  10  eV  and  12  keV  in  22  bands  as 
opposed  to  5 eV  and  13  keV  in  38  contiguous  samples  for  'sis  2. 
The  data  are  presented  in  an  ‘energy-time’  spectrogram  for- 
mat, in  which  the  number  of  electrons  per  ^ s is  logarith- 


Fig  16  Solar  wind  parameters  and  geomagnetic  activity  indices  (.t f and  list)  for  July  25-36.  1969.  The  IMF  is  given 
by  the  8,  component  in  solar  magnctospheric  coordinates  observed  by  two  satellites  The  times  of  the  six  Isis  I passes, 
whose  SPS  data  are  shown  in  Figure  la.  are  indicated  by  vertical  lines  A-F.  The  At'  index  is  given  by  the  separa'ion 
between  the  upper  and  lower  envelopes  of  the  superposition  of  the  //  component  magnetic  records  at  auroral  latitudes 
Here,  wc  used  data  from  1 1 observatories,  which  are  College.  Barrow.  Cape  Wellen.  Tixie  Bay,  Cape  Chelyuskin.  Dixon 
Island,  Abisko,  l.eirvogur,  Narssarssuaq.  Great  Whale  River,  and  Fort  Church'll 
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mically  coded  as  a shade  of  gray  , with  larger  counts  indicated 
by  increasing  whiteness.  The  ordinate  is  a logarithmic  scale  of 
energy,  and  the  abscissa  is  linear  in  increasing  spacecraft  time. 
The  scale  of  invariant  latitude  given  at  the  top  and  the  bottom 
of  the  spectrograms  is  adjusted  to  be  most  accurate  at  65°  for 
all  the  satellite  orbits  but  becomes  less  accurate  (although  not 
seriously)  at  higher  and  lower  latitudes.  The  magnetic  local 
time  of  the  satellite  varied  between  2000  and  2300  on  these  six 
passes. 

In  the  SPS  data  shown  in  Figure  In  we  can  sec  two  latitudi- 
nally  separated  precipitation  regions  with  different  character- 
istic patterns,  the  region  of  relatively  uniform  precipitation 
(with  gradually  increasing  energy  toward  higher  latitude)  and 
the  region  of  intense  and  highly  structured  precipitation  lo- 
cated on  the  poleward  edge  of  the  auroral  oval.  Throughout 
the  entire  region  of  auroral  precipitation  the  energy  flux  of 
protons  was  at  least  I order  of  magnitude  lower  than  the 
electron  energy  flux  \Klumpar  el  at..  1976.  Lui  el  at..  1977). 
H'mmiig/iain  el  at.  [1975]  referred  to  the  uniform  precipitation 
region  as  the  central  plasma  sheet  (CPS)  and  to  the  intense  and 
structured  precipitation  region  as  the  boundary  plasma  sheet 
(BPS).  In  this  paper  we  use  the  equatorward  edge  of  the  diffuse 
>I00-cV  electron  precipitation  (CPS)  as  the  equatorward 
boundary  of  the  diffuse  aurora,  which  is  indicated  by  an  arrow 
for  each  pass.  Note  that  the  approximate  collocation  of  the  belt 
of  the  diffuse  optical  aurora  and  diffuse  electron  precipitation 
has  recently  been  identified  by  the  simultaneous  observations 
by  the  auroral  scanner  and  the  SPS  aboard  the  Isis  2 satellite 
|JJeWir  el  at..  1976:  Lui  el  at.,  1977], 

The  corresponding  interplanetary  and  geomagnetic  data  are 
shown  in  Figure  16.  plotted  here,  from  the  top,  arc  the  north- 
south  component  of  the  IMF  in  solar  magnctospheric  coordi- 
nates (Explorer  33  and  35),  the  solar  wind  density,  velocity, 
and  pressure  (Explorer  33).  the  superposition  of  auroral  rone 
H component  magnetograms,  and  the  Psi  index.  The  IMF 
data  show  well-dclincd  southward  and  northward  turnings  at 
about  2145  UT  on  July  25  and  0540  UT  on  July  26,  respec- 
tively. Thus  the  southward  field  lasted  for  more  than  7 hours, 
except  for  occasional  brief  northward  turnings.  There  was  no 
significant  change  in  the  number  density,  velocity,  and  pres- 
sure of  the  solar  wind  throughout  the  period  of  our  interest 
During  the  period  of  the  predominantly  southward-directed 
IMF,  there  occurred  only  one  isolated  substorm  of  medium 
intensity,  at  least  3 hours  after  the  well-defined  southward 
turning. 

These  six  traverses  of  the  mghtside  auroral  precipitation 
rone  by  the  satellite  during  this  period  are  indicated  by  six 
vertical  lines,  denoted  by  A,  B,  C,  D,  F,  and  F in  Figure  16 
Pass  A took  place  about  3 hours  after  the  southward  turning, 
well  before  the  ground  magnetic  records  showed  any  sign  of 
substorm  activity  (unfortunately,  the  Isis  1 data  are  not  avail- 
able for  at  least  12  hours  prior  to  pass  A).  It  is  quite  likely  that 
the  magnetosphere  had  adjusted  itself  to  the  IMF  southward 
field  by  the  time  of  pass  A.  Further,  since  there  was  then  no 
appreciable  geomagnetic  activity,  the  latitude  of  the  equa- 
torward  boundary  of  the  diffuse  auroral  precipitation  ob- 
served during  pass  A may  be  taken  to  be  a typical  value  for  a 
southward  I Ml  ol  about  5 y On  the  other  hand,  pass  I 
took  place  well  after  the  northward  turning  and  also  during  no 
substorm  activity,  so  that  the  latitude  of  the  equatorward 
boundary  observed  during  pass  F may  be  taken  to  be  a typical 
value  for  a northward  IMF  of  about  S y 

The  equatorward  boundary  of  the  electron  precipitation 
during  passes  B,  C,  D,  and  E may  be  affected  by  substorm 


activity,  as  well  as  by  the  IMF  north-south  component  Dur- 
ing pass  C a significant  equatorward  shift  (-3.1°)  of  the 
equatorward  boundary  from  the  location  observed  during  pass 
A occurred  during  the  maximum  phase  of  the  substorm.  It 
should  be  noted  that  pass  C occurred  over  the  southern  hemi- 
sphere auroral  region.  As  will  be  seen  in  the  statistical  exami- 
nation given  in  the  following  section,  the  latitude  of  the  equa- 
torward boundary  in  the  winter  hemisphere  (southern 
hemisphere  in  this  particular  example)  tends  to  be  higher  than 
that  in  the  summer  hemisphere  (northern  hemisphere)  by 
l°-2°.  Thus  it  may  well  be  that  the  actual  equatorward  bound- 
ary in  the  northern  hemisphere  was  located  at  somewhat  lower 
Intrudes  than  what  was  observed  in  the  southern  hemisphere 
Unfortunately,  there  is  a large  difference  in  the  B,  values 
observed  at  Explorer  33  and  35  at  the  time  of  pass  B.  If  we 
assume  that  the  Explorer  33  data  reproduce  closely  the  IMF 
near  the  magnetosphere,  which  controlled  the  state  of  the 
magnetosphere  during  this  period,  there  was  no  significant 
difference  of  the  B,  values  between  the  times  of  passes  B and  C, 
Thus  the  shift  1-1.6®  or  more)  observed  between  the  two 
passes  may  be  attributed  to  the  effect  of  the  substorm.  On  the 
other  hand,  if  we  assume  that  the  Explorer  35  data  reproduce 
the  needed  values  belter  than  the  Explorer  33  data  do.  we  may 
infer  that  the  shift  associated  with  the  substorm  was  partially 
masked  by  a significant  decrease  of  the  southward  component, 
which  could  have  caused  a puieward  shift  of  the  oval,  that  is  to 
say,  the  substorm-associated  shift  could  have  been  larger  than 
what  the  observed  value  of  shift  indicates.  Thus  in  either  case 
the  observed  equatorward  shift  during  pass  C may  be  attrib- 
uted to  the  effect  of  the  substorm.  However,  the  northward 
shift  observed  during  pass  D took  place  during  the  period 
when  the  substorm  was  recovering  and  the  magnitude  of  the 
southward  component  of  the  IMF  was  decreasing,  so  that  it  is 
difficult  to  separate  the  contributions  of  both  effects. 

The  examples  shown  here  point  out  the  need  for  us  to  sort 
out  the  independent  effect  that  the  IMF  and  substorm  activity 
have  on  the  latitudinal  shift  of  the  nightside  auroral  precipi- 
tation region.  Most  of  the  observations  for  southward  IMF 
were  made  during  substorms,  and  thus  it  is  difficult  in  individ- 
ual cases  to  differentiate  the  latitudinal  movement  of  the  au- 
roral belt  caused  by  the  IMF  and  by  the  development  of  a 
substorm.  In  the  next  section  we  will  examine  statistically  the 
shift  of  the  equatorward  boundary  of  the  electron  precipi- 
tation on  the  basis  of  a large  number  of  satellite  passes. 

St  vTisTtt'Ai  NioiiTSiot  Auroral 
Oval  Data  StT 

Appendix  I summarizes  the  conditions  under  which  all  the 
351  Isis  I and  2 traverses  occurred.  It  appears  that  the  cases 
were  collected  quite  uniformly  and  in  sufficient  numbers  over 
such  parameters  as  magnetic  local  time,  polarity  of  the  IMF, 
season,  and  substorm  activity.  1 hus  we  believe  that  the  present 
data  set  allows  us  to  make  some  statistical  tests 

We  have  utilized  solar  magnctospheric  coordinates  in  de- 
scribing the  IMF.  Here,  we  used  the  north-south  component 
of  the  IMF  (denoted  by  F,)  averaged  for  I hour  preceding  the 
tune  of  the  satellite  passage  over  the  equatorward  boundary  of 
the  diffuse  auroral  particle  precipitation  identified  in  the  soft 
particle  spectrogram  data  for  each  of  the  Isis  passes  In  calcu- 
lating the  l-hour  average  IMF  value  the  transit  time  for  the 
interplanetary  signal  to  the  magnetopause  (w  hich  w as  assumed 
to  be  located  at  ,V  = 10  Rt)  was  taken  into  account  in  each 
case,  by  assuming  the  solar  wind  speed  to  be  400  km  s 

The  observations  were  grouped  into  quiet  periods  and  sub- 
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Fig.  2 Histogram  showing  the  latitudinal  distribution  of  the  equatorward  boundary  of  the  diffuse  electron  precipitation 
in  the  midnight  sector.  The  intervals  of  latitude  6 (in  degrees)  are  defined  such  that  0 represents  0 ± 0.5.  Symbols  for 
different  categories  of  substorm  activity  are  defined  in  the  inset.  The  latitudinal  area  of  the  normal  auroral  oval  defined  by 
Lui  ei  al.  (1975)  on  the  basis  of  58  auroral  images  is  also  indicated. 


storm  times.  This  division  was  made  primarily  by  referring  to 
the  presence  of  a sharp  increase  of  the  AE  index  \Allen  el  al.. 
1974,  1975a,  6)  and  of  structured  discrete  auroral  precipitation 
in  the  SPS  data:  for  the  typical  pattern  of  the  spectrogram 
corresponding  to  quiet  and  substorm  times,  see  Winningham  el 
al.  [I975|  We  also  checked  carefully  individual  magnetograms 
whenever  it  was  necessary.  It  was,  however,  sometimes  impos- 
sible to  determine,  from  the  AE  index  and  available  geomag- 
netic records  at  individual  observatories  and  the  SPS  data, 
w hether  there  occurred  polar  substorms  or  just  minor  fluctua- 
tions. These  cases  are  represented  by  ‘uncertain’  in  Appendix 
I. 

Distribution  of  the  Oval  Latitude 
Around  Midnight 

The  histog<am  in  Figure  2 shows  the  latitudinal  distribution 
of  the  equatorward  electron  boundary  defining  the  auroral 
oval  near  magnetic  midnight.  This  was  obtained  from  a partial 
data  set  (113  satellite  passes)  in  which  the  boundary  crossing 
occurred  between  2300  and  0100  MLT.  The  histogram  is  es- 
sentially the  same  as  Figure  26  of  Lui  el  al.  [1975],  except  that 
they  classified  substorm  conditions  into  three  categories  (quiet 
condition,  bright  aurora,  and  substorm  in  progress)  in  terms 
of  global  auroral  features,  whereas  we  defined  them  by  geo- 
magnetic activnv  and  the  pattern  of  the  auroral  particle  pre- 
cipitation. The  invariant  latitude  of  the  boundary  is  found  to 
vary  between  55°  and  70°,  the  most  probable  latitude  being 
63°  for  this  particular  data  set.  Although  there  is  general 
agreement  with  Lui  et  al.  [1975],  it  appears  that  the  latitudes  of 
these  data  are  distributed  somewhat  lower  than  those  pre- 
sented by  Lui  et  al.  [1975]  This  apparent  difference  may  be 
explained  by  the  different  data  sets  used  in  the  two  independ- 
ent studies  N mely,  our  data  set  includes  more  disturbed 
periods  than  that  examined  b)  Lui  et  al  [1975],  and  they 
examined  only  data  from  the  winter  season  in  which  the  au- 
roral oval  is  found  to  lie  in  higher  latitudes  than  it  does  in 
summer  season  data  Also,  as  was  mentioned  earlier,  their 
study  involved  the  3914-A  and  5577-A  emission  lines  which 
are  most  indicative  of  >l-keV  electrons  Our  study  delineates 


the  >IOO-eV  electron  boundary  which  would  more  closely 
relate  to  the  6300-A  line.  The  work  of  Winningham  et  al.  (1975) 
demonstrated  the  softness  of  the  electron  spectrum  at  the 
equatorward  edge  of  the  CPS. 

It  is  one  of  the  striking  features  in  Figure  2 that  with  the 
decrease  of  latitude  the  probability  of  seeing  a substorm  in- 
creases while  the  probability  of  observing  a quiet  oval  de- 
creases. The  probability  of  observing  a substorm  along  the 
expanded  oval  (i.e.,  <60°)  is  essentially  100%.  It  is  also  notice- 
able that  the  probability  of  seeing  substorm  activity  decreases 
to  about  50-60%  along  the  oval  which  is  located  at  63°-64° 
invariant  latitude.  It  is,  how-ver,  uncertain  al  present  whether 
this  probability  of  seeing  substorms  by  the  Isis  satellites  repre- 
sents the  probability  of  substorm  occurrence.  We  must  be 
careful  in  discussing  these  two  probabilities  by  taking  the 
following  facts  into  account:  First,  substonns  along  the  con- 
tracted oval  tend  to  recover  faster  than  the  intense  ones  along 
the  expanded  oval  [ Montbriand , 1971],  so  that  data  taken 
every  2 hours  by  a polar-orbiting  satellite  cannot  properly 
monitor  the  substorm  occurrence  frequency.  Second,  Kamide 
and  Akasofu  ] 1974]  have  shown  that  weak  substorms  tend  to 
occur  along  the  contracted  oval,  whereas  intense  ones  tend  to 
occur  along  the  expanded  oval.  Thus  it  may  well  be  that  some 
of  the  cases  which  we  identified  as  ‘uncertain’  take  place  dur- 
ing weak  substorms  of  which  the  latitudinal  pattern  of  the 
auroral  particle  is  somewhat  different  from  that  of  the  normal 
substorm. 

We  also  applied  the  same  method  to  the  data  of  the  other 
beat  time  sectors  and  found  results  similar  to  the  above.  This 
work  will  be  the  subject  of  a separate  paper. 

Effect  of  the  Interplanetary  Magnetic  Field 

In  Figure  3 a the  invariant  latitudes  of  the  equatorward 
boundary  of  the  diffuse  aurora  are  plotted  as  a function  of  the 
corresponding  B,  values  of  the  IMF  (averaged  over  I hour 
preceding  the  satellite  passage  time)  for  the  33  orbits  available 
between  2000-2100  M LT.  The  observations  made  during  quiet 
periods  are  shown  by  open  circles  (for  summer  season)  or  open 
squares  (for  winter  season),  and  those  made  during  substorms 
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I HR  AVERAGE  B|  (gommai) 

I i|i  .Vi  1 qualorwiird  boundurs  of  the  lOOeV  election  precipitation  plotted  on  the  corresponding  8,  value  of  the 
1MI  for  7000-7100  Ml  1 I lie  s\  nmols  used  to  distinguish  different  siihstorin  .tensities  me  defined  m flic  nisei  l lie  least 
Minutes  lit  is  indicated  l<\  the  solnl  line,  whereas  the  relationship  obtained  In  V IV  I m (unptihlishcd  manuscript,  10?n) 
lot  7000  Ml  1 i\  shown  hs  the  dashed  line 


« re  marked  In  solnl  utslcs  or  solnl  M|tmtcs  I or  two  sitscs  we 
fonml  some  sttiitll  magnetic  tltsUtilt, tines  m the  A 8 s.trt.ttnm. 
Inn  we  sotikl  not  sletermme  whether  these  were  suhstorm 
elVevts  these  points  are  uleniilietl  In  tlonhle  strsles  .tttsl  double 
stputres  Most  points  are  well  sonllneil  to  an  area  whose  settler 
line  can  rough!)  he  expressed  In 

invariant  latitmle  (ilenl  *■  048fii(>)  * b5  X 

litis  lit  was  tlctcrniinesl  It)  the  least  ssptares  inethotl  ami  is 
shown  In  a solid  line  Also  shown  in  I igure  .hi,  h>  a slashed 
line,  is  a linear  relationship  |A  I \ l in,  iinptilthshed  ntami- 
script,  107(1),  l in  used  ,11  Isis  7 atiioial  images  to  ulentif)  the 
espiatorward  hotmdar)  of  the  dill'nse  aurora  at  7 (XX)  Ml  1'  as  a 
lunetion  of  the  corresponding  8,  sallies  of  the  IMI  I Itese  two 
iutle|tendenll)  ohtamed  relations  ate  found  to  he  in  gos'tl 
agreement 

We  have  obtained  similar  relationships  between  the  sisal 
location  and  the  8,  component  of  the  IMI  for  exerts  I -hour 
Ml  I mteisal  front  7100  to  (MIX)  I'lte  statistical  tesiills  ate 
given  in  fable  I In  I'tguies  .'/>  and  ,V  we  sltssss,  as  further 
examples,  the  lelaiionxltipx  for  751X1-7  UK)  and  0100-0700 
Mil,  respective!) 

It  should  he  noted  that  a suhstorm  effect  (see  the  nest 
subsection)  is  possible  contaminated  in  the  tesiills  ptesenied  in 
I igtites  to  V.  especialls  in  detei mining  the  aseiage  IMI-  de- 
pendence In  fact,  one  mas  claim  that  if  mils  the  quiet  time 
data  aie  Heated,  there  would  he  little  ot  no  dependence  on  8, 
discernible  in  the  scattered  points  in  I iguics  hi- '»  Howeset. 


we  show  m I igure  \l  that  there  is  ivall)  a s>  sleniatls,  equa 
torward  (ot  poleward)  motion  of  the  nighlside  auroial  osal  m 
soiquiistion  with  the  decrease  (or  increase)  in  the  8,  xalue 
After  eliminating  all  tunes  with  suhstorm  aclislts  oi  when 
minor  magnetic  disturbances  were  present,  figure  ,W  shows 
the  distribution  of  all  quiet  time  data  for  the  evening  and 
morning  sectors,  separate!)  Observational  points  made  in  the 
same  hemisphere  w itliiii  b hours  are  connected  w ith  solid  lines 
Although  some  scatter  would  he  expected  because  of  the  wide 
local  tune  span  (4  hours)  and  unknown  utagnclosphcric  con 
tlgurwtion  associated  with  magnetic  conditions  prior  to  the 


I Mil  I i Statistical  t liatac tensile s ot  die  Nighlside  I lection 
l‘rcvipil>ute»n  Itoundais  A as  a I miction  of  the  8, 
t omponciit  of  the  IMI' 
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2200-2300  MLT 


I HR  AVERAGE  Bt  (jommoi) 


Fig  3/>  Same  as  Figure  3 a except  for  local  time  sector  2200-2300  Ml  T 


‘quiet  times.’  the  previously  noted  B,  dependence  can  clearly 
be  seen  with  few  exceptions,  especially  when  successive  data 
points  are  considered. 

From  Figures  .Vi-.V  we  note  the  following  characteristics- 
(I)  The  north-south  component  of  the  IMF  is  one  of  the 
important  factors  that  controls  the  location  of  the  equa- 
lorward  boundary  of  the  nightside  auroral  oval.  F:ven  when 
the  IMF  is  directed  northward,  a significant  equatorward  shift 
of  the  auroral  oval  boundary  is  observed  in  conjunction  with 
the  decrease  in  the  magnitude  of  the  B,  component.  (2)  For  a 
given  B,  value  (say,  B,  = 0)  the  equatorward  boundary  of  the 
auroral  oval  is  generally  located  at  lower  latitudes  in  the 
morning  sector  than  in  the  evening  sector.  This  is  in  good 
agreement  with  the  'classical'  optical  auroral  oval  as  given  by 
Feltlsiem  and  Slarkov  { 1*767]  and  Slarkov  (1969]  (5)  The  mag- 
nitude of  the  shift  in  invariant  latitude  at  various  local  times  is 
not  statistically  the  same  for  a given  change  in  the  B,  value  but 
has  a significant  local  time  dependence.  It  was  found  from  the 
least  squares  fits  that  the  equatorward  boundary  of  the  auroral 
oval  shifts  equatorward  by  0.49°  and  0,76°,  corresponding  to 
the  l-y  decrease  of  the  B,  value  in  the  2100-2200  and 
0100-0200  Ml  T sectors,  respectively:  note  that  the  correlation 
cocllicient  in  the  morning  sector  is  rather  low . In  order  to  show 
that  this  local  tune  dependence  of  the  oval  response  to  the 
IMF  is  not  the  effect  of  the  biased  data  set  in  terms  of  the  B, 
(or  #,)  component  of  the  IMF  we  show  the  distribution  of  all 
the  observation  points  in  (MLT.  B,) coordinates  in  Figure  4.  It 
can  be  seen  that  there  is  no  biased  relationship  between  MLT 
and  B,  in  tile  present  particular  data  set.  all  351  points  are 
distributed  quite  uniformly  over  the  parameters 


Figure  5 shows  the  average  location  of  the  equatorward 
boundary  of  the  auroral  oval  in  invariant  latitude-MLT 
coordinates  for  three  different  B,  values,  5 y,  0 y,  and  -5  y.  It 
can  be  seen  clearly  in  this  diagram  that  the  IMF  dependence  of 
the  oval  location  in  the  morning  sector  is  stronger  than  that  in 
the  evening  sector.  When  the  B,  value  decreases  from  5 ■>  to 
-5  y,  the  boundary  tends  to  move  equatorward  from  about 
68°  to  60°  in  the  morning  sector  and  only  from  68°  to  63°  in 
the  evening  sector.  This  motion  of  the  auroral  oval  will  be 
discussed  in  more  detail  later  in  conjunction  with  the  drift 
bourJary  of  low-energy  plasma  sheet  particles 

Suhlortn  Effect 

The  magnetospheric  substorm  may  be  another  factor  which 
controls  the  location  of  the  equatorward  boundary  of  the 
nightside  auroral  oval.  However,  it  is  generally  difficult  to 
single  out  this  effect  in  individual  events,  since  other  factors 
such  as  the  north-south  component  of  the  IMF  are  also  in- 
volved in  complicated  ways.  Only  a statistical  analysis  will 
deline  any  possible  substorm  effect. 

It  is  clear  in  Figure  3 that  almost  all  the  points  observed 
during  substorms  lie  below  the  solid  lines  It  should  be  remem- 
bered that  the  solid  lines  represent  the  average  latitude  of  the 
>IOO-eV  electron  boundary  determined  empirically  on  the 
basis  of  the  B,  values  of  the  IMF  only.  In  contrast,  the  oval 
equatorward  boundary  during  quiet  times  is  located  at  higher 
latitudes  than  the  statistical  solid  lines.  This  feature  can  be 
clearly  seen  in  the  range  of  -2  y < B,  < 2 y . vv  here  the  sample 
number  lor  quiet  times  is  almost  the  same  as  that  for  disturbed 
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times  The  fact  that  almost  all  the  passes  for  the  southward 
IMF  with  large  amplitude  look  place  durum  suhstorms  makes 
separation  of  the  IMF  and  suhstorm  effects  ditlieuh. 

In  Figure  0 "c  stuns  the  invariant  latitude  of  the  eqtta* 
torsvard  boundary  of  the  auroral  electrons  in  the  sector 
2.UKMM00  MI.T  as  a function  of  the  At.  index,  which  mas 
represent  the  maximum  intensity  of  the  westward  clectrojet. 
Since  we  First  ruminated  all  times  during  magnetic  storms,  the 
At  index  ranges  from  quiet  to  moderately  disturbed  activity 
values  There  is  a eomidcrable  scattei  in  the  latitude  for  a 
given  At  value  Nevertheless,  there  is  a trend  for  the  latitude 
(in  particular,  the  highest  latitude  for  a given  At.  value  approx- 
imated by  the  dashed  line)  to  move  cqualorward  for  greater 
electrojet  activity  The  scatter  ol  the  points  may  be  explained 
by  one  or  both  of  the  following  reasons 

1 The  At.  index  is  not  the  most  suitable  index  for  mon- 
itoring properly  the  substorm  intensity  mainly  because  of  an 
inadequate  network  of  the  present  observatories  along  the 
auroral  belt  Thus  it  may  well  be  that  the  actual  auroral 
clectrojet  is  more  intense  than  what  the  index  indicates  In 
other  vvotds,  if  we  could  plot  the  real  value  of  the  electroiet 
mtensitv  as  abscissa,  the  distributed  points  would  tend  to  be 
shifted  tow  aids  the  lei)  hand  side  approaching  the  clashed  line 

2 As  has  been  shown  pros unisls , the  north  south  com- 
ponent of  the  IMF  has  the  main  role  in  controlling  the  latitude 
of  the  auroral  oval,  and  its  effect  is  included  in  I igure  (>  If  we 
could  identify  the  separate  roles  of  the  IM1  and  substorm 
activity  (although  it  is  difficult),  some  of  the  scultcied  points 


would  tend  to  be  moved  upward,  thus  approaching  again  the 
dashed  line 

tttca  a/  kanh's  Dipole  till 
iSenumol  Change  I 

I he  tilt  angle  dependence  of  the  equatorward  boundary  of 
the  nightside  auroral  oval  has  also  been  studied,  aftei  eliminat- 
ing a*’  times  when  there  was  a southward  IMI  and  a north- 
ward IMI  with  large  magnitude  (greater  than  l4y)  We  have 
aiso  eliminated  all  cases  before  2100  and  after  O.'OO  Ml. I, 
since  the  number  of  samples  in  these  local  time  sectors  is  not 
large  enough  to  allow  us  to  single  out  the  seasonal  effect  Note, 
however,  that  the  data  set  is  still  not  uniform  enough  over 
seasons  and  universal  time  for  us  to  examine  the  dependence 
on  the  w ide  range  of  the  tilt  angle  ( 1 .15”),  since  our  data  were 
taken  mostly  from  two  different  seasons  June.  July,  ,<nd  Au- 
gust, and  November,  recemhci,  and  January  Nevertheless,  a 
xvstcmaiic  seasonal  dependence  "as  found  In  Figure  7 we 
show  the  average  location  of  the  equatoiward  boundary  ol  the 
diffuse  aurora  as  a I unction  of  MI.T  lot  the  winter  and  sum- 
mer heimspheies,  scpwi.nclv  In  a total  of  1 2V  cases  (82  lor  the 
summer  hemisphere  and  47  lot  winter)  there  is  a seasonal  slid) 
of  l°-2”  m the  invaiiant  latitude,  which  is  found  to  be  a little 
weaker  tilt  angle  dependence  than  that  lor  the  del)  latitude 
liunli  | IV72|  has  shown  that  there  is  a total  seasonal  slid)  ol  4” 
in  the  cleft  latitude  even  lor  v|tiict  tune  observations  Note  tli.u 
the  sign  of  tlie  seasonal  slid)  is  leveised  between  the  del)  and 
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Fig.  Jtf,  hquutorward  boundary  of  the  auroral  precipitation  dur- 
ing quiet  periods  plotted  on  the  corresponding  H,  value  of  the  IMF  for 
the  evening  and  morning  sectors  (2000-2400  and  0000-0400  MIT, 
respectively ) Symbols  used  to  distinguish  dilTcrcnt  seasons  arc  defined 
in  the  inset  The  observations  made  within  6 hours  m the  same  hemi- 
sphere are  connected  with  solid  lines. 


mghtside  oval  latitudes,  in  agreement  with  the  (ield  line  config- 
uration modeled  by  Me  ad  und  Fairfield  (I975|. 

This  same  summer-winter  asymmetry  can  be  found  in  Fig- 
ure  3,  where  cases  for  the  winter  season  are  marked  by  squares 
Points  m the  winter  season  generally  lie  in  higher  latitudes 
than  points  in  the  summer  season,  except  for  several  points  in 
the  0100-0200  MLT  sector  (Figure  3c)  which  occurred  during 
substorms. 

On  the  basis  of  the  magnetospheric  configuration  model 
obtained  by  Mead  and  Fairfield  { 1975],  Fairfield  and  Mead 
(1975)  calculated  the  latitudes  where  field  lines  originating 
from  the  synchronous  satellite  orbit  at  6 6 Rt  in  the  equatorial 
plane  intersect  the  earth  for  different  tilt  angles,  sec  Figure  8 of 
lair  field  and  Mead  [1975],  They  found  that  the  earth  inter- 
section location  ^.approximately  1°  higher  in  the  winter  hemi- 
sphere than  in  the  summer  hemisphere,  which  is  in  good 
agreement  with  the  present  observations  by  the  Isis  satellites 
given  in  Figure  7. 

Discussion 

Limitations  of  the  Present  Study 

In  this  study  we  have  constructed  the  statistical  configura- 
tion of  the  equatorward  boundary  of  the  mghtside  >100-eV 
electron  prci'pitation  at  hourly  local  time  intervals  as  func- 
tions of  the  north-south  component  of  the  IMF,  substorm 
activity,  and  the  dipole  tilt  angle  However,  several  factors 
limit  the  usefulness  of  the  location  of  the  nightside  auroral 


oval  presented  in  this  paper.  First  of  all,  only  the  equatorward 
boundary  of  the  diffuse  auroral  particle  precipitation  is  pre- 
sented to  characterize  the  size  of  the  auroral  oval.  We  have  not 
considered  the  boundaries  of  the  discrete  aurora,  which  are 
usually  located  near  the  poleward  boundary  of  the  diffuse 
aurora.  This  is  simply  because  the  equatorward  boundary  of 
the  diffuse  aurora  is  relatively  steady  in  comparison  with  the 
boundaries  of  the  discrete  aurora.  Thus  the  use  of  the  discrete 
aurora  boundary  from  a polar-orbiting  satellite  with  the  long 
orbital  period  is  inadequate  for  a statistical  study;  the  electron 
and  proton  flux  distribution  over  the  discrete  auroral  region  is 
highly  variable  during  a polar  substorm.  In  particular,  if  the 
satellite  passes  through  the  auroral  surge  or  torch  structure, 
which  is  one  of  the  main  substorm  features  of  the  discrete 
aurora,  the  poleward  boundary  of  the  discrete  aurora  depends 
strongly  on  which  portion  of  this  structure  is  traversed  latitu- 
dinally  by  the  satellite.  In  such  a case  a 5°  error  can  be  easily 
introduced. 

Second,  the  obtained  oval  location  can  only  represent  an 
average  configuration  of  the  equatorward  boundary  and  can- 
not represent  the  rapid  change  that  might  take  place  between 
successive  satellite  orbits  [Eather,  1973;  Creuizberg,  1976). 
This  is  limited  by  the  availability  of  the  data,  us  well  as  by  the 
method  of  calculating  the  IMF  value.  Although  in  this  study 
an  average  value  of  the  IMF  over  1 hour  was  used  as  a typical 
value  of  the  I M F,  different  values  can  of  course  be  obtained  by 
choosing  dilTcrcnt  combinations  of  time  delay  (of  the  oval  in 
response  to  the  IMF)  and  time  interval  (over  which  the  IMF  is 
averaged).  Such  an  extension  to  include  time  variations  at 
different  local  times  would  obviously  be  highly  desirable. 

Finally,  no  Osi  cITect  was  taken  into  consideration  in  the 
present  statistical  analysis  by  eliminating  cases  in  which  the 
l)st  was  below  -40  y.  In  the  351  cases  examined,  no  signifi- 
cant dependence  of  the  oval  location  on  the  Dst  index  was 
found.  In  other  words,  the  Dst  effect,  if  any,  is  small  in  this  Dst 
range.  Akasofu  and  Chapman  [1963]  showed  that  the  latitude 
of  the  equatorward  boundary  of  the  'classical'  auroral  oval 
varied  for  different  intensities  of  magnetic  storms,  sometimes 
being  as  low  as  50°  in  geomagnetic  latitude  during  large 
storms.  Since  there  is  a close  relationship  between  Dsi  and  the 
IMI  (and  also  substorm  activity),  it  is  at  present  uncertain 
whether  the  Dst  elfecl  indicated  by  Akasofu  and  Chapman 
1 1963)  is  included  in  the  IMF  and  substorm  effects  examined  in 
this  study.  This  point  could  be  checked  by  using  a larger  data 
set  including  a variety  of  magnetic  storms 

Equatorward  Boundary  of  the  Diffuse  Aurora 

Lui  el  at.  [1975)  found  the  equatorward  boundary  of  the 
diffuse  auroral  belt  at  local  midnight  to  be  a useful  parameter 
m characterizing  the  size  of  the  auroral  oval  and  thus  of  the 
polar  cap.  We  have  amplified  their  results  to  all  local  limes  of 
the  night  sector  and  by  including  the  IMF  effect. 

It  should  be  stressed  that  the  distinction  between  the  diffuse 
and  discrete  auroras  is  important  in  studying  auroral  physics 
and  associated  magnetospheric  structure.  Although  it  is  not 
the  intent  here  to  repeal  the  description  of  the  characteristic 
difference  between  these  two  types  of  auroras,  we  would  like  to 
note  that  the  equatorward  boundary  of  the  diffuse  aurora 
corresponds  to  the  inner  (earthward)  edge  of  the  plasma  sheet 
(£ur/nv  and  Mende,  1971;  Lassen.  1974.  Wmmngham  el  at., 
1975;  Lui  el  al . 1977).  As  is  shown  in  the  examples  in  Figure 
la.  there  is  a gradual  decrease  in  the  energy  of  plasma  particles 
with  decreasing  latitude  in  the  diffuse  aurora  legion  Similar 
‘softening'  of  the  electrons  has  been  reported  near  the  inner 
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l ig.  -I  Distribution  of  JM  pusses  in  llic  ‘Ml.T,  H,'  coordinates  It  i\  seen  in  this  itiuiirnm  that  nil  points  arc  distributed 
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t ip  ' l ocation  ol  llic  ei|u.tloiward  boundars  ol  llic  diltusc  election  precipitation  .it  thllcrciu  local  limes  in  llic  daik 
sector  for  three  II,  values  of  the  I M I Since  mils  ciglil  il.na  points  vceie  uscrl  in  the  statistics  lot  llic  OHXMMOO  Ml  I 
interval,  the  II,  dependence  is  shown  hv  slashed  lines  in  this  local  time  sector 
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1 1(1,  o l octillion  of  iticctgialorvvard  bouiidarv  of  the  diffuse  electron  precipitation  m ilietlaik  sector  us,i  function  ol  the 
auroral  eleelrojet  { / index  Svnibolx  used  io  distinguish  the  sign  of  the  H,  component  of  the  IMI  ate  tlelmotl  m the  meet 
The  dashed  lute  indicates  the  ma\iimiiti  elcctroiet  aclt\m  for  a given  laltltule  of  the  ptccipilaliou  bouiidarv 


edge  of  the  plasma  sheet  bv  la.ulnmm  ( ld6S|.  trunk  j l^’l ], 
ittttl  others, 

Effect  ol  the  Interplanetary  Magnetic  hehl 

Seseral  workers  \8tireh,  1 5>72,  l')7,t,  ) aaihara  et  al . I'TM, 
K ainn/e  el  til,  I'JVft)  have  presented  clear  evidence  of  an 
ecpintorward  shift  ol  the  cleft  associated  with  the  southward 
IMI  litis  paper  has  statisticdllv  shown  that  the  north-south 
component  ol  the  IMI  pints  the  dominant  role  in  determining 
the  location  of  the  mglitside  auroral  oval  I he  eipiatorward 
bouiidarv  ol  the  diffuse  auroral  ptecipitation  dining  pet  toils  of 
southward  IMI  is  fotiitd  at  lower  latitudes  than  dining  north- 
ward IMI  I his  IMI  effect  is  observed  at  all  local  times  in  the 
dark  sector 

The  role  ol  the  sonthwnid  IMI  in  initialing  mngnetospheiic 
convection  and  the  net  transport  ol  the  magnetic  lltiv  into  the 
magnetotail  has  been  discussed  in  the  liter.t'.tiri  |(  oronm  anil 
Kennel.  W7  T,  HurJi.  I 473,  Kan  and  Ahawln.  W*4|  That  is,  the 
eilicieitcv  of  the  llu\  transport  depends  on  the  amount  oi  the 
southward  IMI  litis  impinging  on  the  maguetosphete  One  of 
the  ntamlcstations  ol  the  process  near  the  earth  is  the  enhance- 
ment of  the  elect  tic  held  across  the  polai  cap,  and  another  is 
the  expansion  ol  the  polar  cap  1 he  l.utei  has  recentlv  been 
confirmed  bv  Holmonh  ami  Met tg  (I4?5|.  who  correlated  the 
area  of  the  polar  cap  with  the  IMI  It  m.iv  be  noted  that  a 
significant  ecpiatoiw.nd  shift  ol  the  oval  houndarv  is  observed 
.n  association  with  the  decrease  in  the  8,  magnitude  even 
during  the  northwaid  IMI  (see  I iguie  '1  I Ins  tact  indicates 
that  the  dawn-dusk  clcctnc  held  does  not  vanish  when  It,  - 0 


This  indication  does  not  seem  to  be  in  accord  with  the  sugges 
lion  hv  /Inriiui  et  al  Hyland  Conn  et  al  (1477),  who  showed 
that  onlv  the  southward-oriented  IMI  is  impoitant  in  the 
development  of  suhsiornts  and  storms 
Our  statistical  analvsis  has  indicated  that  the  magnitude  ol 
the  latiiiichn.il  stuff  in  conpiitction  with  the  IMI  change  is  not 
necessanlv  the  same  at  all  local  tunes  but  has  a local  time 
dependence  as  shown  in  I igures  ' and  < I oi  a given  change  in 
the  II,  component  ol  the  IMI . the  response  ol  the  amoral  oval 
in  the  morning  sectoi  seems  sttongci  than  in  the  evening 
sec  tot  1 o iccapitulale.  we  show  in  I igure  S lor  each  ol  the  It, 
values  ( i v,  0,  and  3 i)  tin-  approximate  location  in  the 
Ccpi.iional  plane  ol  the  magnetcvsp'tcie  that  conespouds  to  the 
ecpiatoiwatd  boundaiv  ot  the  nightside  auiotal  oval  I lei  e we 
have  protected  the  boundaiv  latitude  obtained  liont  the  Isis 
satellites  along  the  magnetic  held  lines  given  as  Ml  ’ti)  ((oi 
Kp  • 3)  bv  Ian  hehl  ami  ,l/<xi</  (I4',<|  tin-  use  ol  dilleienl 
magneiospltetic  models  has  been  lound  to  make  no  signdicant 
change  in  the  gloss  teatutes.  except  fot  II,  ' x in  which  the 
cotrespondmg  boundarx  is  in  the  distant  tail  1 he  evening 
morning  asvmmeliv  is  evident  in  that  toi  a change  in  the  8, 
value  fiom  t ' to  ' t the  boundaiv  moves  appioximatelv 
Irom  / 4 t ,i  / s ,u  :i(X)  Mil,  wheieas  it  changes  liont  l 

13  to  I 4 at  tl'IHI  Ml  1 Similar  cluiuctciistics  can  be 
noticed  ill  the  inner  boundaiv  ol  the  plasma  sheet  ohseived  bv 
I itvi/inrius  ||d(>S|,  although  lie  examined  the  boundaiv  clos- 
ing bv  satellite  onlv  in  the  ptemidmght  sectoi.  tlteie  is  a 
tendeitcv  loi  the  ladial  distance  c>l  the  plasma  sheet  uiitci  edge 
to  decrease  with  iitcieasutg  U'c.tl  time,  i e , appioaclung  mid 
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LOCATION  OF  EQUATOR  WARD  BOUNDARY 
OF  AURORAL  OVAL  / 


^CNETIC  LOCAL  TIME  O'0'*'*' 


Fig.  7.  Location  of  the  equalorward  boundary  of  the  diffuse  electron  precipitation  at  dilTercni  local  limes  m the  dark 
sector  for  the  winter  and  summer  hemispheres.  Stundnrd  deviations  are  also  given. 


night;  see  his  Figures  20  and  24.  More  recently,  Mauk  and 
Mcllwain  (1974]  and  Freeman  (1974]  have  shown  that  the 
injection  of  low-energy  particles  at  geostationary  orhil  is  ob- 
served at  earlier  local  times  at  higher  Kp  index.  Since  the  Kp 
index  is  highly  correlated  with  the  dawn-dusk  electric  field 
[Mazer  and  Luchl,  197-1;  Kivelson.  1976],  those  observations 
indicate  that  for  a given  uniform  dawn-dusk  electric  field  the 
injection  boundary  is  located  closer  to  the  earth  at  later  local 
times. 

This  local  time  dependence  of  the  location  of  the  plasma 
sheet  inner  boundary  inferred  from  the  present  study  of  the 
auroral  precipitation  boundary  may  be  accounted  for  by  the 
low-energy  plasma  motion  in  the  magnetotail  in  w hich  a large- 
scale  uniform  electric  field  is  superimposed  on  the  corotation 
electric  field.  In  such  a situation,  plasmas  drifting  from  the 
distant  tail  toward  the  earth  terminate  at  the  boundui)  called 
the  Alfvcn  layer  [Alfefn,  1939;  A If  veil  and  FSIthaimnar , 
1963],  Inside  the  boundary  the  drift  orbits  of  particles  encircle 
the  eurth.  The  location  of  the  Alfvcn  layer  can  be  obtained  for 
a particle  of  magnetic  moment  p by  tracing  the  particle  trajec- 
tories ( Kavanagh  el  al..  1968:  Schield  el  ai.  1969;  Chen,  1970] 
A simple  discussion  of  the  particle  drift  boundary  is  included 
in  Appendix  2. 

The  two  dotted  lines  in  Figure  8 represent  the  locations  of 
the  Alfven  layers  for  electrons  and  protons  with  a = 0 in  the 
presence  of  the  0.4-mV/m  and  0.17-mV/m  electric  fields  in  the 
tail  to  compare  them  with  our  oval  boundaries  for  H,  = - 5 ■> 
and  0 y,  respectively.  The  0.4-mV/m  and  0 17-mV/m  values 
are  derived  from  an  empirical  relation  [Gonzalez  and  Mazer. 
1974]  between  if  and  the  electrostatic  field  (see  Appendix  2) 
Note  that  the  A I Ivin  layer  for  electrons  with  higher  a (for 
example,  a - 0.005  keVy  corresponding  to  100-eV  electrons 
in  the  tail)  is  located  slightly  outward  of  the  shown  boundary 
for  each  electric  field  strength  A good  agreement  can  be  seen 
between  the  Alfven  layers  and  the  auroral  oxal  boundaries, 
which  are  projected  onto  the  equatorial  plane  of  the  magneto- 
sphere along  the  field  lines  Displacement  of  the  plasma  sheet 


boundary  more  inward  in  the  morning  sector  than  in  the 
evening  sector  can  be  simply  explained  by  considering  that  the 
drifts  of  particles  (except  high-energy  protons)  due  to  the  tail 
electric  field  and  the  corotation  electric  field  supplement  each 
other  in  the  morning  sector,  whereas  they  oppose  each  other  in 
the  evening  sector.  Thus  this  good  agreement  gives  new  evi- 
deuce  indicating  that  the  diffuse  electrons  originate  in  the  inner 
boundary  of  the  plasma  sheet. 

It  is  noted,  however,  that  there  is  no  reason  to  believe  that 
the  electric  field  that  was  assumed  in  obtaining  the  drift 
boundaries  is  uniform  across  the  entire  magnetotail  Further- 
more, an  asymmetry  of  the  magnetic  field  between  the  morn- 
ing sector  and  evening  sector  may  not  be  neglected  in  the 
explanation  of  the  local  time  dependence  of  the  IMF  response 
of  the  plasma  sheet  boundary.  That  is,  the  magnetic  field  in  the 
evening  sector  is  always  inflated  owing  to  the  partial  ring 
current  which  develops  in  conjunction  with  the  southward 
IMF  [Kaimde.  1974],  thus  indicating  the  stronger  magnetic 
field  there  than  at  the  same  L value  in  the  morning  sector.  This 
difference  between  the  morning  and  evening  sectors  causes  a 
difference  in  the  drift  velocity  of  plasma  sheet  particles,  which 
is  faster  m the  morning  sector  than  in  the  evening  sector 

The  following  points  should  further  be  noted  in  interpreting 
the  statistical  results  presented  in  this  paper:  First,  allhough 
the  statistical  behavior  of  the  oval  boundary  was  obtained  in 
terms  of  the  IMF,  this  may  include  the  substorm  effect  in 
particular  for  cases  with  the  southward  IMF  with  large  magni- 
tude. Thus  the  evening-morning  asymmetry  of  the  response 
may  actually  be  affected  by  the  particular  behavior  of  the  tail 
particles  m response  to  the  substorm  expansion  Second,  there 
are  some  errors  in  using  the  static  magnetosphenc  configura- 
tion to  project  the  ionospheric  points  to  the  equatorial  plane  of 
the  magnetotail 

Substorm  Ff/eel 

In  this  studs  we  have  also  identified  the  separate  role  ol 
substorm  activity  from  the  IMI  effect  in  controlling  the  lati- 
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tudc  of  the  electron  precipitation  boundary  It  has  been  in- 
dicated that  the  occurrence  of  substorms  has  been  shown  to 
add  noticeably  to  the  cquatorward  shift  of  the  boundary, 
although  it  is  not  easy  to  distinguish  the  substorm  cITcet  from 
the  IMF  effect  during  individual  cases.  This  cquatorward  mo- 
tion of  the  region  of  the  diffuse  aurora  by  a few  degrees  can 
clearly  be  identified  in  all  cases  shown  by  Snyder  and  Akasofu 
(1972],  who  examined  the  'cross  section'  of  the  auroral  oval  as 
observed  by  the  Alaskan  meridian  chain  of  all-sky  cameras 
I'asy/iunas  [1968]  showed  the  radial  distance  of  the  Ogo  1 
crossings  of  the  plasma  sheet  inner  boundary  in  the  evening 
sector  with  the  division  into  two  classes,  quiet  time  and  sub- 
storm  time.  It  was  found  that  all  the  observed  crossings  at 
times  of  substorm  activity  occurred  earthward  of  those  with  no 
activity.  This  is  also  in  agreement  with  our  results. 

The  substorm  effect  (mainly  an  increase  in  flux  producing 
the  diffuse  aurora)  has  been  reported  bv  H'limingham  el  id. 
(1975],  Its  pattern  is  relatively  stable  during  substorms  in 
comparison  with  the  structured  discrete  aurora  The  enhance- 
ment of  the  brightness  of  the  diffuse  aurora  during  substorms 
can  easily  be  found  in  the  auroral  images  observed  repeatedly 
by  Isis  2 and  DMSP  satellites 
It  is  not  obvious  why  the  cquatorward  boundary  of  the 
mghiside  auroral  oval  during  substorms  is  located  more  cqua- 
torward than  its  quiet  time  position,  regardless  of  the  well- 
known  ’poleward  expansion'  of  the  discrete  aurora  during  the 
expansive  phase  of  substorms.  There  is.  however,  at  least  one 
possibility  of  explaining  the  process  which  causes  the  cqua- 
torward shift  of  the  boundary  In  their  recent  model  calcu- 
lation for  a substorm.  Yasuliara  el  id  11975]  have  shown  that  a 
three-dimensional  current  system  can  shift  the  mghiside  au- 
roral oval  poleward  by  several  degrees  This  current  system, 
proposed  by  Akasofu  |I972|,  Kanude  and  lukuslunm  ]I972). 
Croaker  and  MePherron  1 1972],  and  MePherron  etal.  ( 197.5]  to 
explain  the  ground  magnetic  distribution  occurring  in  the 
course  of  substorms,  consists  of  a flow  into  the  morning  part 
of  the  auroral  oval  along  magnetic  field  lines,  along  the  auroral 
oval,  and  out  from  the  evening  part  of  the  oval  along  field 
lines  On  the  other  hand,  the  I nad  satellite  observations  have 


recently  revealed  that  the  field-aligned  current  system  is  not  so 
simple  as  above  but  is  of  double  structure  in  all  local  times, 
consisting  of  two  oppositely  directed  currents  [Zrnuda  and 
Armstrong.  1974).  Indeed.  Kaniide  and  Akasofu  [10761  have 
shown  that  in  the  evening  sector  the  region  of  the  upward 
field-aligned  current  on  the  poleward  side  of  the  oval  coincides 
well  with  the  region  of  the  discrete  aurora  and  that  the  down- 
ward field-aligned  current  on  the  cquatorward  side  of  the  oval 
corresponds  to  the  diffuse  aurora.  Thus  the  enhancement  of 
this  licld-aligncd  current  system  on  the  cquatorward  half  of  the 
oval  (upward  in  the  morning  sector  and  downward  in  the 
evening  sector)  during  substorms  can  produce  the  cqua- 
torward motion  of  the  cquatorward  half  of  the  oval  by  a few 
degrees,  since  such  a system  produces  the  inflation  of  the 
magnetic  field  there. 

Contracted  Oval 

The  present  study  confirms  the  earlier  works  by  Feldstem 
and  Starkoc  |I967],  Stringer  and  liclon  |I967],  Starkor  [1969], 
Lassen  [1972],  and  l.ta  el  al.  [1975]  indicating  that  the  auroral 
oval  is  quite  dynamic,  it  expands  and  contracts,  as  is  evident 
from  the  histogram  given  in  Figure  2 tierkey  and  Kanude 
[1976]  showed  by  use  of  DMSP  auroral  photographs  during 
quiet  periods  that  the  sue  of  the  auroral  oval  is  highly  sensitive 
even  to  relatively  small  changes  in  the  geomagnetic  activity 
Our  study  has  shown  the  minimum  sue  of  the  auroral  oval  to 
be  located  at  70“  in  invariant  latitude  near  midnight  It  should 
be  noted  that  the  parameter  we  have  used  in  this  paper  to 
characterize  the  'sue  of  the  oval'  is  the  latitude  of  the  cqua- 
torward boundary  of  the  diffuse  aurora  Therefore  since  the 
width  of  the  diffuse  auroral  belt  is  usually  of  a few  degrees  and 
there  is  the  discrete  aurora  poleward  of  it.  the  actual  size  of  the 
polar  cap,  which  seems  to  relate  more  directly  to  the  IMF,  is  a 
lew  degrees  smaller  than  what  Figure  2 indicates. 

1 lie  cquatorward  boundary  of  the  diffuse  aurora  at  the  70“ 
invariant  latitude  around  midnight  can  be  mapped  to  the  inner 
termination  of  the  plasma  sheet  at  12-17  R,  (depending  on 
different  models)  by  using  recent  magnctosphenc  configura- 
tion models  constructed  bv  Mead  and  Fairfield  |I97X]  The 
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contracted  oval  is  probably  associated  with  a weaker  dawn-to- 
dusk  electric  field  across  the  magnetotail.  It  has  been  shown 
that  if  a substorm  takes  place  along  the  contracted  ovai.  it  is 
weak  in  terms  of  the  optical  energy  and  Joule  heat  energy 
[Kamide  and  Akasofu,  1974;  Akasofu  and  Kamide , 1976). 

It  has  also  been  shown  in  Figure  2 that  the  probability  of 
seeing  substorms  decreases  us  the  oval  contracts.  This  is  in 
good  agreement  with  the  finding  of  Lui  el  a/.  (1975).  who 
identified  the  occurrence  of  a substorm  in  terms  of  the  auroral 
pattern.  As  has  been  suggested  by  Lui  el  at,  [1975).  the  proba- 
bility of  seeing  substorms  is  not  equivalent  to  their  probability 
of  occurrence.  However,  since  the  probability  of  observing 
substorms  along  the  expanded  oval  is  100%  (sec  Figure  2)  and 
substorms  are  absent  during  a prolonged  period  of  a large 
northward  IMF  [HAoso/u.  1975),  it  is  not  unreasonable  to 
assume  that  there  is  a latitudinal  dependence  of  the  substorm 
occurrence  frequency. 

Am'Nt>i\  l 

The  following  tabulation  summarizes  conditions  during  the 
.151  satellite  passes  used  in  this  analysis.  The  number  of  cases 
associated  with  each  condition  is  shown. 

Magnetic  local  tune 
Evening (2000-2400) 

Morning  (0000-0400) 

Interplanetary  magnetic  field 
Northward  [If,  5 0) 

Southward  (B,  <_0) 

Toward  sector  (ft,  £ 0) 

Away  sector  (B,  0) 

Season 
Summer 
Winter 

Geomagnetic  activity 
Quiet  time 

Substorm  in  progress 
Uncertain 


At'i’l  M»l\  2 

The  Alfven  layer  is  defined  for  a particle  of  magnetic  mo- 
ment a as  a flow  boundary,  inside  which  the  drift  orbit  that 
completely  encircles  the  earth  lies,  in  the  presence  of  a dawn- 
dusk  electric  field.  Particle  orbits  and  the  Alfven  layers  in  a 
dipole  magnetic  field  and  a uniform  electric  field  have  been 
calculated  by  Kimnagh  ft  at.  |l%8|  and  Chen  [I97t.|,  The 
inner  edge  of  the  plasma  sheet  then  corresponds  to  the  drill 
boundary  evaluated  for  the  low-energy  end  of  the  range  of 
energies  found  in  the  plasma  sheet  (100  eV  to  1 keV).  It  is 
noted  that  for  these  100-eV  electrons  the  correction  to  the  zero 
energy  solution  is  negligible  [Kivelson  and  Suuthwood.  1975] 
and  that  the  Alfvin  layer  for  1-keV  electrons  is  found  1-2  R,' 
outward  of  the  zero  energy  boundary  depending  on  local  time. 

There  are  several  papers  which  describe  the  derivation  of  the 
electric  potential  induced  bv  the  reconnection  between  geo- 
magnetic field  and  the  arbitrary  IMF  (Hi//,  1971;  Somierup. 
1974,  ( initiate z and  Mazer,  1 974;  Gm/ei . 1974]  It  is  not  easy 
to  estimate  an  upper  limn  of  the  electric  field  strength  used  for 
obtaining  the  Alfven  layer,  since  this  value  is  highly  variable 
depending  on  different  assumptions  Here  we  estimate  the 
dawn-dusk  electric  field  intensity  m the  magnetotail  produced 
by  the  IMF  on  the  basis  of  the  work  by  Gonzalez  and  Mozer 


11974]  because  (I)  they  compared  their  models  with  the  ob- 
served polar  cap  electric  field  and  (2)  they  obtained  the  field 
intensities  as  functions  of  the  B,  values  of  the  IMF  which  can 
readily  be  compared  with  our  results.  For  B,  * -5  7 (with  fi, 

0)  they  obtained  the  maximum  potential  difference 
across  the  entire  tail  as  about  290  kV.  By  using  the  best 
empirical  fit  <t>  *■  0.354>M  (see  their  equation  (1 7)).  we  cun  get  4* 
” 102  kV,  When  we  assume  a 40 -/?*  magnetotail  thickness, 
the  average  electric  field  £ across  the  tail  is  estimated  to  be  0.4 
mV/m.  In  a similar  way.  <b  *>  43  kV  and  £ * 0.17  mV/m  arc 
obtained  for  the  IMF  condition  B,  » 0 with  |/FJ  » 5 7;  sec 
Figures  8 and  10  of  Gonzalez  and  Mozer  |I974],  These  esti- 
mated potential  differences  are  in  reasonable  agreement  with 
Heppner' s ( >972.  1977)  measurements  of  the  integrated  poten- 
tial drop  across  the  polar  cap.  which  ranged  from  20  to  100 
kV.  In  this  fashion,  m Figure  8 we  plot  the  Alfven  layers  for  £ 
» 0.4  mV/m  and  0.17  mV/m  and  compare  them  with  our 
auroral  oval  boundaries  (projected  into  the  equatorial  plane) 
for  B,  *<  -5  7 and  0 7.  respectively. 

By  using  the  empirical  expression  £ (k V,  R,)  » 0.44/ (I  - 
0.097£/i)'  given  by  Kivelson  |I976|,  Kp  values  can  be  estimated 
to  be  6 and  4-  for  B,  •>  5 7 and  0 7,  respectively.  These 

values  are  in  basic  accord  with  the  observational  relationship 
between  Kp  and  IMF  parameters  obtained  by  Schaiien  and 
Wilcox  ||967]  and  llirshberg  and  Colburn  [1969], 
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An  His  2 pass  is  singles)  out  for  a detailed  examination  of  the  particle  fluxes,  optical  emissions,  and 
ionospheric  parameters  observed  during  a quiescent  period  (lute  recover) ) betsseen  two  substorms  I Ins 
pass  sxas  chosen  because  it  "as  part  of  a coordinated  data  acquisition  period  between  the  An  l orve 
Geophysics  Laboratory  (AI'GL)  Airborne  Ionospheric  Observatory.  Isis  2.  and  DMSP  | Defense  Meteor- 
ological Satellite  Program).  As  a result,  both  long-duration  measurements  (aircraft)  and  transient, 
snapshot  (spacecraft)  data  are  available  This  allows,  on  a macroscopic  level,  the  separation  of  space  and 
tunc  cflects 

On  the  basis  of  the  joint  data  set  it  was  established  that  the  latitudinal  morphology  observed  by  the 
satellite  is  basically  spatial  in  nature.  It  is  concludes,  .hat  the  observed  particle  fluxes  are  most  easily 
understood  in  terms  of  precipitation  from  the  quiet  time  plasma  sheet  without  intervening  acceleration. 

The  observes!  optical  emissions  and  ionospheric  parameters  are  found  to  be  in  gsnid  qualitative  and 
quantitative  agreement  (within  experimental  error)  with  the  electron  fluxes,  although  establishment  sif  tins 
point  has  required  careful  determination  of  the  viewing  direction  of  the  optical  instruments,  removal  of 
scattered  light  (albedo)  from  underlying  cloud  and  snsivv,  and  consideration  of  the  cflects  of  photon- 
counting  statistics  oil  contour  plots  of  the  optical  data. 


Introduction 

In  n recent  paper,  H'inningham  et  at,  [1975]  expanded  upon 
the  earlier  electron  flux  morphology  studies  of  Hoffman  and 
Burch  11973)  and  frank  and  Ackerson  11972).  H'inningham  ct 
al.  (1975)  demonstrated  that  in  the  2KXV-0300  dipole  magnetic 
local  time  (M1.T)  sector,  distinct  and  repeatable  electron  lati- 
tudinal distributions  were  observed  as  a function  of  substorm 
phase,  Two  regions,  the  boundary  plasma  sheet  (BPS)  and  the 
central  plasma  sheet  (CPS),  were  delineated  by  H'inningham  et 
al.  [ 1975).  The  BPS  corresponds  to  the  upper  (lower)  portion 
of  the  plasma  sheet  adjacent  to  the  tail  lobes,  and  the  CPS  the 
inner  portion  of  the  plasma  sheet  adjacent  to  the  outer  Van 
Allen  belt.  The  BPS  exhibits  an  extremely  dynamic  behavior  as 
a function  of  subsionn  phase.  The  CPS,  in  comparison, 
changes  very  little,  exhibiting  mainly  a slight  spectral  hard- 
ening and  an  equator" ard  shift  followed  by  a poleward  shift  as 
the  substortn  proceeds.  No  detailed  correlation  with  parame- 
ters other  than  magnetic  held  data  was  attempted  by  HTwimjr- 
ham  et  al.  (1975). 

Kantide  ami  H'inningham  )1977)  studied  in  detail  the  depen- 
dence of  the  equatorial  boundary  of  the  CPS  on  the  IMP  S, 
component  and  subsume  phase  (.■•£).  It  was  determined  that 
the  IMP  B,  component  wa>  the  dominant  influence  on  the 
CPS  equatorial  boundary  with  substortn  activity  playing  a 
secondary  role  The  CPS  lower  boundary  moved  equatoi ward 
(poleward)  us  the  IMP  component  decreased  (increased).  Sub- 
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storm  activity  lowered  the  boundary  no  mutter  what  the  value 
of  B,  was. 

Deehr  et  al.  (1976)  compared  photometric,  all-sky,  and  par- 
ticle data  obtained  concurrently  by  Isis  2 and  the  NASA  990 
aircraft.  In  this  paper  it  was  shown  that  the  CPS  and  BPS 
discussed  in  H'inningham  et  al. ) 1975)  correspond  to  the  dtlYuse 
and  discrete  auroral  regions,  respectively.  The  period  studied 
by  Deehr  et  al.  (1976)  was  an  early  recovery  phase  with  the  Ists 
satellite  passing  just  to  the  cast  of  the  westward  traveling 
surge. 

In  ;>d  the  preceding  papers,  no  concurrent  auroral  images  or 
ionospheric  data  obtained  by  Isis  2 were  examined.  In  the 
present  paper  an  Isis  2 pass  (orbit  3194,  ObOO  UT  on  December 
9, 1971 ) is  singled  out  for  a detailed  examination  of  the  particle 
fluxes,  optical  emissions,  and  ionospheric  parameters  observed 
during  a quiescent  period  (late  recovery)  between  two  sub- 
storms.  This  pass  was  chosen  because  it  was  part  of  a coordi- 
nated data  acquisition  period  between  the  Ab'CiL  Airborne 
Ionospheric  Observatory,  Isis  2,  and  DMSP  (Defense  Meteor- 
oKvgical  Satellite  Program).  As  a result,  both  long-duration 
measurements  (aircraft)  and  transient,  snapshot  (spacecraft) 
data  are  available.  This  allows,  on  a macroscopic  level,  the 
separation  of  space  and  tune  cflects. 

Although  these  criteria  were  well  satisfied,  it  was  found  that 
other  factors  limited  the  accuracy  obtainable  in  a lull 'mod- 
eling calculation.  In  particular,  all  the  plasma  parameters  arc 
not  available  in  the  orbit-aligned  mode  used  here;  con- 
sequently. a dvtailcd  model  analysis  is  not  presented  here  but 
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Fig  la.  Electron  spectrograms  for  December  9,  1971.  Sec  Wimtingham  tt  al.  (1975)  for  a description  of  the  spectrogram 

format. 


will  be  the  subject  of  later  cartwheel  studies.  The  semi- 
quantitative  comparisons  available  in  this  pictorial  photomet- 
ric mode  nevertheless  provide  useful  insights  into  the  auroral 
process  and  lay  the  groundwork  for  precise  optical-particle- 
plasma  comparisons. 

Observations 

Particle  Data.  Figures  la  and  16  are  energy-time  spectro- 
grams of  the  electron  and  proton  fluxes  observed  by  the  soft 
particle  spectrometer  (SPS)  on  Isis  2 during  the  northern 
nightside  portion  of  orbit  3 194  on  December  9.  1971.  For  a 
discussion  of  the  spectrogram  presentation,  see  Winningham  et 
al.  1 1975).  Front  the  beginning  of  the  spectrogram  at  0605:04 
UT  (invariant  latitude  A of  83.0,  dipole  magnetic  local  time 
(MLT)  of  20.4  hours)  to  0606:52  UT(A  » 78.6°,  Ml.T  =21.9 
hours)  a flux  of  low-intensity  low-energy  (<200  eV)  electrons 
wt.s  observed  (It  should  be  noted  that  the  magnetic  attitude 
torquing  coils  were  on  until  0607  32  UT.  As  a result,  the  pitch 
angle  given  in  the  spectrogram  is  incorrect,  and  the  electron 
spectrum  below  a few  hundred  electron  volts  is  quantitatively 
incorrect  This  electron  data  can  be  used  in  a qualitative  sense, 
however)  The  aforementioned  low-energy  electrons  poleward 
of  A = 78  6°  have  been  identified  by  IVinningham  and  Heikkila 
1 1974)  as  being  of  probable  magnetoshcath  origin  That  is, 
they  are  similar  in  spectral  shape  to  magnetoshcath  electrons 
but  are  reduced  in  intensity  by  - 10"  * Because  of  their  unifor- 
mity and  spatial  extent  (most  of  the  polar  cap),  H'nmmghani 
and  Heikkila  (1974)  termed  these  fluxes  polar  ram.  Within  the 


sensitivity  of  the  SPS,  no  proton  fluxes  were  observed  in  con- 
junction with  the  electron  polar  rain. 

F.quatorward  of  78.6°,  a region  of  relatively  uniform  and 
more  intense  electron  and  proton  flux  was  observed.  Both 
particle  species  exhibited  a hardening  and  intensification  of 
their  spectra  us  a function  of  decreasing  latitude  (see  Figure  2). 
The  maximum  in  the  electron  and  proton  energy  flux  was  at  A 
=»  69.2°  and  A =«  68.7°,  respectively.  Bquutorward  of  69.2°, 
the  electron  spectrum  became  progressively  weaker  (see  Figure 
2),  softer,  and  exhibited  an  increasingly  trapped  angular  distri- 
bution, Below  68.7°,  the  proton  fluxes  rapidly  decreased  in 
intensity  and  isotropy . The  sensible  end  of  the  electron  and 
proton  fluxes  occurred  at  A =»  65.9°. 

In  Figure  2,  representative  electron  spectra  at  minimum 
pitch  angle  are  presented.  The  spectra  are  taken  at  the  posi- 
tions marked  with  arrows  in  Figure  la.  Spectra  1-7  demon- 
strate the  spectral  hardening  with  decreasing  latitude,  and 
spectra  8-10  the  subsequent  softening.  Spectrum  II  is  due  to 
atmospheric  conjugate  photoelectrons.  The  most  striking  fea- 
ture of  each  of  these  spectra  is  their  basic  shape,  which  varies 
between  a power  law  and  an  exponential.  No  prominent 
'monocnergetic'  spectral  peaks  are  observed.  Comparison  of 
spectra  1-3  in  Figure  2 a with  spectrum  10  m Figure  2c shows  a 
marked  similarity  of  shape  in  the  energy  range  greater  than 
^50  eV,  even  though  these  spectra  are  separated  by  10°  of 
invariant  latitude  (i.e„  at  the  polar  boundary  of  the  BPS  and 
the  equatorial  CPS  boundary ). 

Data  from  several  channels  of  the  Isis  2 energetic  particle 
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detector  (lil'D)  | I’enkiiluninifiin  el  ill,.  IV75|  indicate  that  (he 
background  boumlar)  A»  \MvDtomM ml  Wilson,  IV6X|  lor 
electrons  having  cnerg)  of  '•40  keV  was  located  at  '70.8”,  In 
some  works  \h‘nmkuimt  Atktrson.  19721,  \„  lias  been  associ- 
ated with  die  last  closed  Held  line.  However,  during  tins  pass 
tlic  low-energy  (s.20  keV)  channels  of  the  l- I’D  e.slnbited 
evidence  of  an  angular  distribution  peaked  at  VO"  up  to  at  least 
76”,  Above  76”  the  sollci  spectrum  (figure  2u)  placed  the  litis 
below  the  P.I’D'x  energy  range. 

Magnetic  Dahl  figure  is  the  1 1 station  .46'  aides  gener- 
ated by  the  World  Data  Center  A for  Solar- 1 errestrial  Physics, 
(We  recognize  the  limitations  of  this  index,  but  it  is  the  only 
one  readily  available)  f summation  of  the  At!  aides  indicates 
pass  HV4  (indicated  by  a bar)  occurred  subsequent  to  a small 
suhslorm  starting  at  - 0.407  U f and  prior  to  a largei  substonn 
beginning  at  0X47  UP. 

figure  46  gives  the  II,  O,  and  / components  from  Kosto- 
kcr's  chain  of  magnetometers  m western  Canada  [Kisabeih  ami 
Rosloker,  |V7lj,  Isis  2 paralleled  the  101”  west  mciidian  dur- 
ing pass  .1194,  which  placed  K - 14”  to  the  east  o1' Kostoker’s 
chain  Inspection  of  figure  46  reveals  that  the  period  ol  orbit 
4I9-*  was  one  of  relative  magnetic  quiescence  pnoi  to  the 
suhslorm  commencing  at  0X47  It  I Higher-resolution  (\  10) 
plots  indicate  that  even  low-level  activity  was  absent 

tiuerplaneiaiy  magnetic  field  data  were  available  fiom  Imp 
I.  which  was  located  m the  evening  seclo>  magiicioslieaih. 
during  Dibit  4194  flic  magnetosheath  IMf  was  southward  (in 
SSf  coordinates)  horn  0X25  to  054 J U f,  northward  Irom0544 


to  0604  U 1 . and  slightly  southward  from  0604  to  (Kill  Ul. 
after  w hich  time  the  held  was  northward.  I lie  I -hour  average 
IMf  changed  from  northward  to  southward  from  0600  to 
0X00  U I . 

Ionospheric  Hold,  figures  4<i  and  46  give  the  local  values 
and  isodensity  contours  of  electron  density  lor  orbit  4194.  In 
I igure  4d,  from  A - 8.1”  (0605:04  U 1 ) to  A - 78,6"  (0606.48 
U I' ) (the  polar  rain  region),  the  local  electron  density  was  very 
low,  It)’  cm  \ a value  typical  for  the  winter  polar  cap  Owing 
to  the  sounder  sweep  period  of  27  s,  the  next  density  prolile 
nflci  78.6"  was  not  obtained  until  A - 77.8”  (0607  12  U I ).  or 
20  s niter  Isis  2 entered  the  more  intense  particle  llux  region  It 
can  be  seen  that  the  local  electron  density  had  increased  by  a 
fucloi  ol  8.5  I lie  local  density  was  observed  to  increase  lui- 
thcr  during  the  next  rounder  sweep.  Structuie  was  evident  in 
the  local  density  until  A - 66.8"  (0611.25  UP),  after  which 
time  a steady  decline  to  a minimum  density  at  A - 62  8” 
(0612  52  ll  I ) was  observed  Subsequent  to  the  minimum,  the 
density  increased  steadily  until  the  plot  was  terminated 

I igure  46  reveals  that  increases  hi  density  ol  varying  degree 
were  observed  at  all  heights  above  6,  max  hetv  ecu  0606  48 
and  0612  00  Ul.  As  in  the  local  density.  Iluctnalions  were 
observed  until  0611.25  Ul.  alter  which  time  a iclalivc  mini- 
mum was  observed.  Alter  the  minimum  a steady  increase  in 
density  was  observed  at  all  heights  It  should  be  noted  that  the 
isodensity  contouis  within  the  auioial  region  ate  domed  by 
ical  height  piolitcs  which  aic  magnetic  held  aligned  (i  e . the 
sounder  wave  is  propagated  along  the  field  Intel 
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I ig  2 I tectum  spsMtw  m inuiliituni  pilch  angles  abscised  lot  cash 
spin  of  Isis 2 oi  Ini  II9-I 

Lsniiimalioii  ol  the  local  slensils  measured  by  the  Lo.ignttiit 
probe  reveals  essentially  die  same  morphology  as  die  nmmlct 
I lie  nujoi  ditleiCnvc  behsceii  die  two  results  is  one  ol  spatial 
temporal  resolution,  die  Langmuir  probe  Inning  intis  It  grvatci 
resolution  Doth  the  Langmuir  mobe  ansi  the  souiuler  imlisate 
die  legion  of  intense  particle  llusev  to  be  coiiivislem  with  a 
region  of  topside  spread  K 811/  |/)v.v«m  and  It 
1974).  l ine  scale  absolute  density  lliictualions  as  huge  as  10* 
sc  1 (lelaitvc  lliictualions  were  as  huge  as  ,HM  ) vveic  sibveived 
by  the  Langmuir  ptobe  fl,  II.  llrase  piivale  commuuisaiion, 
I9?(>)  111  a lived  bias  mode  ol  opeiation  I he  lluuuations 
ceased  at  001200  U 1 , soiitsideiit  with  the  end  ol  animal 
lluves 

llie  satellite  attitude  was  optimised  lot  imaging  bs  die 


auroral  seamier  during  this  pass.  As  a result,  the  attitude  was 
less  than  ideal  fur  the  lou  mass  spectrometer  and  the  retarding 
potential  analyeor,  However,  these  Instruments  indicated  dial 
the  particle  lluves  occurred  within  the  light  Ion  trough, 

Om/istl  /)i»ii.  'Images'  of  the  niglusklc  auroral  oval  on 
both  sides  of  die  spacecraft  track  were  obtained  by  the  optical 
instruments  on  Isis  2 (.SV/tAmf  el  n/„  W.L.tngt’i-ri  «/„  197.1) 
during  this  pass.  The  spccllle  wavelengths  covered  were  5914  A 
(N»* ),  5577  A,  and  ftMX)  A O I.  The  data  are  presented  as 
pictures  on  a geographic  coordinate  grid  in  Figure  5 (5577  A 
and  .1914  A only)  and  as  contour  plots  for  all  three  wave- 
lengths in  Figure  ft  Lite  contoured  5914- A and  5577-A  data 
are  derived  IVom  the  low  •resolution  pulse  code  modulation 
data  that  arc  electronically  averaged  from  the  ftcipiency  mod* 
tilation-IVcsptcncv  modulation  data  used  to  construct  the 
images  of  Figure  5. 

I he  DMSF  noon-midnight  satellite  and  Isis  2 were  in  up- 
provtmatcly  the  same  local  tune  plane  during  mid-December 
1971,  and  telemetry  was  scheduled  for  passes  that  were  close  in 
li  I'.  I iguie  7 presents  the  DMSF  auroral  image  of  the  north- 
rrn  nighttime  sectoi  at  DftOI  l*T  Also  shown  are  ,1914-A 
intensity  conlouis  measured  by  Isis  2 at  t)M)9  UT  and  pro- 
jected onto  the  DMSF  picture  at  100-kin  altitude.  Isis  was  to 
the  west  of  DMSF;  however,  ow mg  to  the  higher  altitude  (142ft 
km)  of  Isis,  its  image  encompasses  neatly  all  of  the  area  ol  the 
DMSF  pieiure  close  voiucidence  is  observed  between  the 
5914  A region  m the  Isis  2 image  and  the  r.gion  of  dillbse  or 
sonlinuous  aurora  seen  in  DMSF  as  a rather  uniform  bell  of 
nnstriivtuiesl  glow  with  a smooth  espiatorward  boundary  It 
should  be  noted  that  the  DMSF  data  are  somewhat  votn 
promised  by  moonlight  weltered  by  snow  and  vlotids.  Also, 
the  sloth  area  In  the  venlci  ol  the  DMSF  image  is  an  in- 
sttiimeul  undue! 

A broad  region  of  dtlilise  aurora  is  evident  in  I tgures5-7on 
both  subs  ol  bisal  midnight  twliish  is  at  appiosimately  2ft?" 
longitude).  In  addition,  a weak  are  is  present  at  liighci  lati- 
tudes extending  to  the  east  ol  die  Isis  2 otbit  fl  iguies  5 and  7) 
Its  miensiit  is  approsintatcly  I kK  f'914)  and  2 kH  f 5577) 
Hits  are  lepiesems  the  ccitiei  ol  a mush  broader  region  in 
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9 DEC  1971 

Fig.  3a.  AE  index  for  the  period  encompassing  l>is  2 orbit  3194 


which  the  6300-A  intensity  (figure  6a)  is  enhanced  relative  to 
its  value  in  the  diffuse  auroru  where  the  maximum  3914-A  and 
5577-A  intensities  (Figures  6 b and  6c)  occur.  The  ratio 
l(6300)/l(5577)  has  a vulue  of  about  I in  the  vicinity  ol'thearc 
but  is  well  below  0.1  in  the  diffuse  aurora.  Figure  6a  also 
reveals  that  the  6300-A  region  is  broader  in  latitude  than  for 
the  other  two  lines  at  all  local  times  shown  in  the  figure. 

Aircrqft  Data.  During  this  coordinated  data  acquisition 
period  the  AFGL  N KC*I  35  aircraft  Hew  across  northern  Can- 
ada following  a track  designed  to  intersect  several  passes  of  the 
Isis  2 and  DMSP  satellites.  At  the  time  of  this  pass,  the  aircraft 
was  traveling  directly  equatorward  in  corrected  geomagnetic 
cooidinatcs  along  the  2230CG  local  time  meridian.  The  objec- 
tive was  to  make  measurements  of  atmospheric  iom/ation  and 
luminosity  resulting  from  the  precipitating  particles  measured 
by  Isis  2.  Because  of  the  relatively  long  time  required  by  the 
aircraft  to  traverse  the  latitude  region  of  particle  precipitation 
(~2  hours  from  75,3°  to  67.6°  CGL)  compared  with  the 
satellite  (a  few  minutes)  we  have  chosen  this  period  of  low 
mugnctic  activity  to  make  the  comparison. 

9 DEC 


The  aircraft  flight  track  has  been  annotated  onto  Figures 
6<i-6e  as  a scries  of  dots,  with  the  dots  15  min  apart  in  each 
figure.  The  direction  of  travel  was  (geographic)  southwest,  and 
the  riglu-hand  dot  indicates  the  aircraft  position  at  0500  UT. 
The  point  of  closest  approach  between  aircraft  and  satellite 
was  0609  UT  when  Isis  passed  slightly  to  the  west  of  the 
aircraft. 

During  this  southbound  (light  leg,  ionosondc  returns  in- 
dicated a region  of  particle-produced  ionization  at  £ layer 
heights  (auroral  £).  £ layer  ionization  could  be  detci  mined  in 
the  aircraft  ionograms  from  0541  to  0700  UT  and  was  collo 
ealed  in  space  with  the  optical  emissions  originating  primarily 
from  £ layer  heights  (3914  A N,'  and  5577  A O I)  and  with 
minimum  1(6300  A),  1(3914  A)  ratios.  This  agreement  is  dent 
onstrated  in  Figure  4,  which  shows  the  latitude  profiles  of  the 
optical  emissions,  electron  densities,  and  particle  energy  lluxes 
along  the  subsatellite  track  together  with  the  measured  £ layer 
critical  frequencies  (/#£„). 

Because  of  the  good  spatial  agreement  between  optical, 
particle,  and  ionospheric  parameters  an  attempt  was  made  to 
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Fig.  4 Composite  plot  of  (a)  local  electron  dcnsil).  (b)  electron  isodensits  contours,  (<)  optical  intensities  observed  .it 
the  foot  of  the  held  line  connected  to  satellite,  (</)  calculated  and  measured  f,b'„  and  (r)  obsersed  elcvtron  cncrg.s  Hoses  in 
tsso  energj  bands  and  average  cnerg)  for  electron  spectra 
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0.5- 2.3  kR 


1-5  kR 


2.5-I4KR 


• UOCAl  MtOMttMT 

I ig.  Geographic  projections  of  (a)  5577-A  ami  (f>)  .WI4-A  vlaU.  I he  coordinate  grids  shoo  n appl>  to  all  plenties, 
which  diltcr  onl)  in  the  wavelength  ami  range  of  intensities  presented  1 he  longitudes  shown  should  be  multiplied  h>  10 
I he  pictures  ate  in  negative  format,  with  intensities  greater  than  the  indicated  range  rcpicscntcd  as  black  and  those  below  as 
white  Intensities  shown  are  observed  oblique  values,  uitcorrcctcd  lor  albedo  1 he  magnetic  subsatellite  track  is  indicated  be 
squares  which  correspond  to  I -mm  intervals  of  spacecraft  tune  starting  at  ObO-t  IJI  at  the  top  of  the  pictures  and  going  to 
0*12  at  the  bottom 


calculate  the  magnitude  ol  the  auroral  E la>  cr  (/„£„ ) cspcctcd 
front  the  electron  precipitation  for  comparison  with  the  mca 
sured  values.  Protons  contributed  onl)  about  1 0*1  to  the  total 
precipitated  energy  Hits  and  were  not  considered  to  be  a signif- 
icant lonuation  source.  The  lom/ation  production  rates  of 
Rees  [19631.  together  with  the  electron  spectra  shown  in  l tg 
urcs  2u-2i,  were  used  to  compute  the  total  E la>er  ionization 
rate.  Onl)  electrons  with  E ' 700  cY,  which  penetrate  below 
150  km  (Keet.  1964),  were  included.  Isotrop)  of  the  electron 
flux  over  the  upper  hemisphere  was  obsetved  and  was  used  tit 
the  calculation.  Since  the  aircraft  all  skv  camera  photographs 
show  onl)  a weak  stead)  glow  and  no  discrete  amoral  forms 
[If  e her  e(  it/ , 1977),  the  assumption  of  equilibrium  dining  this 
period  is  reasonable,  and  thus  stead)  state  conditions  were 
applied  to  arrive  at  electron  dcnsiiv  profiles  An  ellective  tc 
combination  coefficient,  o.  of  3 \ 10  ' cm  5 s ' was  used  to 
represent  electron  losses  during  moderate  auroral  conditions 
[Hauler  and  Aum.vi,  Wl]  1 he  ambient  iHvcluin.il  lonosphcie 


was  ignored,  as  this  amounts  to  a critical  frcqucnc)  at  E laser 
heights  of  0.6  MHz  [Awg,  1962]  or,  equivalent!),  to  onl)  about 
It)  ’ of  the  ionization  rate  required  to  produce  a 3-Mllz 
auroral  E la)er 

I he  maximum  value  in  each  electron  dcnsitv  height  profile 
was  converted  to  a plasma  frcqucnc)  and  taken  to  be  the  laver 
critical  frcqucnc).  the  maximum  frcqucnc)  reflected  bv  the 
laser.  The  measured  and  calculated  values  of  f„Ea  are  shown  in 
I igure  4 </  Comparison  with  the  measured  values  shows  rea- 
sonable agreement,  especial!)  at  71  5”  latitude  (0609  l'| ) at 
the  point  of  closest  aircraft  satellite  approach  I rom  the  com 
parison  it  is  evident  that  small  changes  in  the  particle  spatial 
moiphologv  and  possible  in  micnsitv  occurred  during  the 
aircraft  southbound  flight  leg  1 lie  aircraft  measurements 
show  the  peak  value  ol  /<,/-.,  shifted  equatorward  1°  computed 
with  the  satellite  measurements  1 Ills  slow  equatorward  shift 
ol  the  continuous  auroiaand  uwompwnving  particle  produced 
E laser  during  this  period  has  been  icpoited  bv  H'halen  el  ol 


5724 


-55- 

WlNNINOHAM  ET  At.:  A CASE  STUDY  OF  STEADY  STATE  AURORA 


ISIS  2 

POLAR  GEOGRAPHIC  PROJECTION 

„ OF  6300&  ISOINTENSITV  CONTOURS 

K TO  250km 


1 MAXIMUM  OF  AURORAL  E LAYER 

Fig.  6u.  Isoimcnsily  contour  plots  of  6300-A  emissions  for  December  9,  1971.  Contour  labels  are  in  units  of  10  R 

[ 1977],  Considering  the  time  separation  between  aircraft  and  Because  of  the  generally  accepted  proportionality  between 

satellite  measurements  of  45  min  in  the  poleward  direction,  J9I4-A  emission  and  ionisation  rate  [ Vallancs-Jonts,  1974)  a 

with  the  data  recorded  simultaneously  at  71.5°,  and  51  min  in  comparison  was  made  between  the  spatial  intensity  distribu-  ; 

the  equatorward  direction,  E layer  ionization  and  auroral  tion  of  the  ,1914-A  emission  and  the  magnitude  and  extent  of  s 

emissions  measured  by  aircraft  and  satellite  compare  favor-  the  particle-produced  auroral  E layer.  The  E layer  ionization 

ably  over  a wide  latitude  range.  was  observed  simultaneously  by  ionospheric  sounders  located  | 

ISIS  2 } 

POLAR  GEOGRAPHIC  PROJECTION 

OF  537/A  ISOINTENSITY  CONTOURS  i 

TO  100  km  i 


t MAXIMUM  OF  AURORAL  E LAYER 

Fig.  bb.  Same  as  Figure  <xr  except  fur  S577-A  emissions 
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ISIS  2 

POLAR  GEOGRAPHIC  PROJECTION 
OF  39I4A  ISOINTENSITY  CONTOURS 
TO  100km 


t MAXIMUM  OF  AURORAL  £ LAYER 

Fig.  6c.  Same  as  Figure  6 a except  for  3914-A  emissions. 


at  ihc  ground  stutians  and  aircraft  shown  in  Figure  7.  The 
3914-A  intensity  is  proportional  to  the  ion  production  rate  and 
{fol'.y  is  proportional  to  the  recombination  rate  at  the  height 
of  the  maximum  E layer  electron  density.  Under  steady  state 
conditions  these  quantities  will  be  equal. 

As  is  seen  in  Figure  7,  the  3914-A  intensity  at  the  location  of 
the  aircraft  was  750  R.  E layer  critical  frequencies  measured  by 
the  airborne  sounder  were  2.7  MU/,  at  0604  UT  and  2.7  MHz 
at  0615  UT,  with  (f0E)*  ■ 53.  At  Churchill's  location,  1(3914) 
» 1400  R,  and  at  0600  UT,  Churchill  recorded  ■ 3.15 
with  (/«/!)*  » 98,  For  both  simultaneous  measurements,  the 
relation  is 

K39I4XR)'  l5(/,tT  (MH/)*  (I) 

Ground  stations  at  Narssarssuaq  and  Godhavn  arc  not  cov- 
ered by  the  0600  UT  Isis  scan.  However,  if  ( I ) were  applied  to 
the  fJE,  values  of  2.1  MHz  and  1.5  MHz  measured  at  Nars- 
sarssuaq  and  Godhavn,  the  3914-A  intensities  would  be  290  R 
and  76  R,  respectively.  Considering  that  the  intensity  contours 
are  oval  aligned,  the  contours  may  be  extrapolated  to  place 
Narssarssuaq  between  the  200-R  and  500-R  contours  of  3914- 
A emission  detected  by  Isis  2.  Comparison  of  these  independ- 
ent measurements  shows  excellent  agreement  between  the  re- 
gion of  3914-A  emission  measured  by  Isis  2,  the  location  of  the 
continuous  aurora  measured  by  DMSP,  and  the  magnitude 
and  spatial  extent  of  the  particle-produced  auroral  E layer 
measured  by  ionospheric  sounders. 

l'hc  aircraft  ionosondc  and  photometer  also  identified  a 
region  of  enhanced  F layer  irregularities  and  6300-A  auroral 
emission  (see  Pi kc  et  al.  (1977]  for  a more  complete  dis- 
cussion). Reference  to  l igures  4 and  6 reveals  the  observable 
region  of  F layer  irregularities  (I  LIZ)  and  6300-A  emission,  as 
measured  by  the  aircraft,  to  lie  within  the  region  of  soft  par 
tide  precipitation  and  enhanced  6300-A  emission  measured  by 
the  satellite.  No  quantitative  results  can  be  obtained  from 


aircraft  photometer  owing  to  lack  of  reliable  calibration  data. 

Comparison  of  Optical  and  Particle  Data.  The  apparent 
quiescence  and  homogeneity  of  the  aurora  during  this  pass 
provides  an  almost  ideal  opportunity  to  compare  particle  and 
optical  fluxes.  The  difference  between  times  when  the  particle 
detectors  sampled  the  precipitating  fluxes  and  times  when  the 
optical  instruments  viewed  the  100-km  projection  of  these 
same  magnetic  held  lines  is  also  very  favorable  (10  s at  high 
latitudes  increasing  to  45  s at  the  lower  auroral  latitudes). 
Since  the  intercomparison  requires  several  steps,  each  of  which 
involves  significant  potential  sources  of  error,  it  seems  worth- 
while lo  describe  the  process  in  some  detail. 

First,  extraction  of  the  appropriate  data  from  the  two-di- 
mensional optical  images  to  form  an  optical  profile  which  can 
be  compared  w ith  the  particle  fluxes  depends  upon  a precise 
knowledge  of  where  the  instrument  was  looking  at  any  given 
tunc.  This  can  be  derived  m a straightforward  manner  given 
the  spacecraft  position  (which  is  well  established),  the  orientu- 
non  in  space  of  the  spacecraft  spin  axis,  and  spin  rate,  phase 
angle  information  which  we  derive  ourselves  from  observed 
limb-crossing  times.  In  a pass  such  as  this  where  good  5577- A 
airglow  limb  data  arc  available,  uncertainty  m the  spin  axis 
coordinates  normally  represents  the  most  significant  source  of 
error.  In  this  case  we  have  been  able  to  use  sightings  of  cities 
and  stars  together  w ith  the  data  from  both  limbs  to  correct  the 
spin  axis  coordinates,  resulting  in  a probable  error  in  com- 
puted position  of  no  more  than  20  km. 

As  with  other  cases  where  detailed  comparisons  have  been 
carried  out  under  quiet  conditions  ( Lui  et  al..  1977],  vve  ob- 
scived  an  apparent  discrepancy  between  the  resulting  optical 
and  particle  profiles,  especially  at  the  cquatorward  boundary. 
In  particular,  the  particle  flux  declined  to  a very  low  level  at  a 
latitude  (approximately  66.7°)  where  there  wav  still  consid- 
erable optical  flux.  Lflbrts  to  explain  this  excess  in  terms  of 
protons  or  other  particle  fluxes  outside  the  range  of  energies 
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I ig  ’ Woial  image  positive  lormait  obtained  bv  DMSP  on  IVccmbei  4,  I**'!,  at  ObOO  t l (he  tune  delav 
between  the  image  oht.lulciMw  Im\  J tl  igute  >|  and  the  DMS.Pdala  i\  S nun  I he  somonis  aie  the  W14  \ contains  m units 
ot  tO  R lioin  Isis  2 1 he  overlav  s'ooidmate  svstem  is  canceled  gesunagnetis  latitude  and  tune 


measured  In  Isis  are  unconv uicing  However.  iemov.il  ol  the 
optical  albedo  contribution  Irom  uinlcilvmg  cloud,  snow , and 
tee  |//uiv  ami  4 nger,  |d?S|  has  the  ellect  ol  sltaipciiing  the 
optical  profile  and  reinos  mg  most  ol  tins  discrepance  A cor- 
rected optical  profile  was  pi od need  (1  igtue  4. ) he  assuming 
that  albedo  equals  0 and  be  using  the  iterative  procedure 
described  In  Itavs  and  Anger  in  which  the  ellecls  ot  pai alias 
and  variable  Nan  Rlujn  factor  ate  also  taken  into  account 
With  appropriate  allowances  tor  statistical  sanations  and  the 
limited  toncc  pci  spin)  sampling  rate  ol  the  particle  detecloi 
the  agteement  between  panicle  eneigs  llus  proltle  and  the 
coriected  ")|4-  V optical  piolile  appeals  qune  good,  although 
two  regions  leniain  where  thcie  is  some  temaining  disciep 
aiicv  shglulv  below  ihe  cqiialotwaid  bound.nv  wheie  boih 


the  s>’7  \ and  WI4-  \ collected  piotiles  dip  below  the  base- 
line values  picvalent  at  lovvei  latitudes  and  neat  10"  wheie  the 
particle  llus  seems  more  shaiplv  peaked  than  the  optical 
lliese  appatenl  disciepaiicies  will  now  be  consideied  i dative 
to  possible  east  west  inhomogeneitics  in  partis  le  precipitation 
1 he  albedo  removal  pioceduie  applied  in  ptodticmg  the 
coucMed  intensitv  ptc'hles  assumes  east  west  untloimitv  in  the 
atitoia  I tie  large-scale  validitv  ol  this  assumption  is  apparent 
liont  ,ot  inspection  of  the  picluics.  but  theic  remains  the 
question  ol  w Irelhei  auv  small  scale  structure  might  be  dis 
lotting  the  computed  piolile.  in  wavs  that  would  make  them 
umepiescnt.Uive  Small  scale  stiuctuie  could  alsc  ailed  the 
panicle  optical  comparison  because  the  panicle  msti nmeni 
samples  a veiv  vonlmcd  icgioi  ol  space  tessenliallv  I gvio 
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radius),  while  the  optical  detectors  necessarily  average  over  a 
larger  region  (10-50  km). 

For  these  reasons  we  have  examined  the  5577-A  and  3914-A 
data  from  a region  extending  about  100  km  on  either  side  of 
the  spacecraft  track.  When  relativity  weak  features  are  looked 
at  with  the  maximum  resolution  (approximately  S km)  of  the 
instrument,  the  effects  of  counting  statistics  become  very  pro- 
nounced leading  to  difficulties  in  distinguishing  between  real 
and  purely  statistical  variations.  This  can  be  particularly  de- 
ceptive in  two-dimensional  contouring  where  random  cluster- 
ings of  statistically  high  or  low  values  can  lend  to  very  ‘real'- 
looking  variations,  especially  when  the  data  have  been 
smoothed.  A discussion  of  this  problem  is  given  in  the  Appen- 
dix. There  we  are  able  to  conclude  that  relatively  small-scale 
auroral  structure  existed  in  the  vicinity  of  the  peak  (giving  rise 
to  intensities  of  approximately  0.5-1  kR  in  excess  of  those  tc 
the  east  and  west  of  the  satellite  truck). 

An  overestimate  of  the  average  east-west  intensity  in  the 
vicinity  of  the  peak  would  also  lead  to  an  overestimate  in  the 
surface  albedo  intens.t,  o be  subtracted  at  a position  just 
below  the  auroral  boundary.  The  effect  of  such  an  error  would 
be  especially  conspicuous  at  this  locution  owing  to  the  lack  of 
any  real  aurora.  An  overestimate  of  0.5  kR  in  the  east-west 
average  3914-A  intensity  over  a 1°  range  m corrected  geomag- 
netic latitude  at  69°  would  be  sufficient  to  explain  the  observed 
dip  in  the  corrected  profile.  This  is  well  within  the  realm  of 
possibility  and  seems  the  most  reasonable  explanation  of  the 
dip. 

Careful  examination  of  the  original  pictures  suggests  thut 
patchy  east-west  aligned  urc  segments  ure  responsible  for  the 
observed  intensity  peak  ncur  70°  latitude.  Small-scale  varia- 
tions of  this  sort  (or  lime  variations)  could  readily  account  for 
the  discrepancy  between  optical  and  particle  intensities  in  this 
region,  since  the  optical  intensities  represent  an  average  of  a 
much  larger  region  than  that  sampled  by  the  particle  detector. 

Figures  8a  and  86  present  the  corrected  optical  intensities  at 
3914  A and  5577  A as  a function  of  electron  energy  flux  in  the 
local  loss  cone.  Tne  error  bars  in  Figure  8 are  representative  of 
the  calibration  errors  for  the  photometers  and  particle  in- 
strument. A least  squares  lit  was  made  to  the  observed  data 
(excluding  point  r which  occurs  in  the  region  of  observed  east- 
west  patchiness).  The  resulting  relations  have  a slope  of  950  ± 
100  and  1700  ± 150  R erg"1  enr*  s'1  at  3914  and  5577  A, 
respectively. 

The  crosses  in  Figure  8 represent  the  values  predicted  by 
utilising  the  results  of  Rees  and  Luckey  (1974).  These  values 
were  derived  us  follows.  The  average  energy  for  each  loss  cone 
energy  Dux  measurement  was  derived  and  the  appropriate 
4278  A,  erg  cm*  s ratio  was  scaled  from  Figure  7 of  Rees  and 
Luckey.  This  value  was  then  multiplied  by  3.3  to  derivv  the 
3914-A  energy  llux  relationship.  This  ratio  was  multiplied  by 
the  observed  energy  tlux  resulting  in  the  piedicted  3914-A 
intensities  (crosses)  in  Figure  8a,  The  5577- A v allies  (crosses  in 
Figure  86)  were  derived  from  the  predicted  3914-A  llux  and 
the  ratio  between  5577  A and  4278  A given  by  Rees  and  Luckev 
(1974).  No  values  could  be  derived  for  points  a,  i.j,  k,  and  / 
because  Rees  and  Luckey's  relations  arc  for  E > 300  cV  and 
the  average  energy  for  test  points  were  <.300  eV. 

The  predicted  values  are  consistently  lower  than  the  experi- 
mentally determined  ones.  Some  of  this  dilfcrence  may  be  due 
to  uncorrected  background  radiation.  If  the  300  R offset  is 
subtracted  from  the  5577- A experimental  values,  then  reason- 
ab’e  agreement  is  observed.  However,  this  same  process  docs 
not  bring  the  39I4-.A  data  into  agreement,  The  experimental 


slope  is  much  steeper  than  the  predicted  data,  i.e.,  consistently 
more  than  is  predicted.  One  possible  reason  for  this  is  the  low 
average  energies  observed  (from  50  to  1000  eV).  Most  of  the 
3914-A  emissions  would  then  come  from  > 1 50  km  and  thus  be 
sensitive  to  the  neutral  atmosphere  model  used.  Kastinf  and 
Hays  (1977)  noted  similar  discrepancies  when  they  utilized  the 
Rees  and  Luckey  predictions. 

Residual  5577-A  intensities  poleward  and  equatorward  of 
the  aurora  are  probably  due  to  airglow.  The  higher  level  (400- 
500  R)  inside  the  polar  cap  is  remarkable  but  appears  consis- 
tent with  ground-based  airglow  measurements  in  this  region 
[Mullen  el  al..  1977],  although  their  values  arc  somewhat  less 
intense  than  ours. 

There  is  no  point  in  attempting  to  model  6300-A  emissions 
at  the  present  time,  since  the  mechanisms  underlying  its  pro- 
duction arc  still  unclear  For  example,  a recent  study  by  Rees 
el  al.  (1976)  gave  poor  predictions  of  6300-A  und  5577-A 
emissions,  as  calculated  from  the  primary  precipitation  parti- 
cles. (A  plot  similar  to  the  plots  in  Figures  8a  and  86  was 
prepared,  but  no  significant  relationship  could  be  derived.) 
Nevertheless,  it  is  clear  that  one  can  use  the  /(6300)//(39l4) 
ratio  to  estimate  the  average  energy  of  the  electrons  (Dre6r  el 
al.,  1976),  although  the  process  should  be  regarded  as  empiri- 
cal. The  observed  points  of  /(6300)  ■ /(39 14)  (Figure  4) corre- 
spond to  the  points  where  the  soft  and  hard  Duxes  arc  equal 
and  to  the  £ » 400  eV  (Figure  4),  The  poleward  boundary  of 
the  region  /(39I4)  > /(6300)  corresponds  to  higher  F region 
electron  densities.  This  region  is  narrower  than  the  ‘red  bund' 
defined  by  Pike  in  terms  of  half-intensity  points,  but  if  that 
definition  is  used,  the  spacecraft  and  ground-based  data  arc 
consistent. 

Discussion  ano  Conclusions 

If  he  data  from  Rostoker's  chain  of  magnetometers  and 
from  "ir  stations  comprising  the  86'  II  index  can  be  consid- 
ered rcp.csentative,  the  period  surrounding  Isis  2 orbit  3194 
can  F-  characterized  as  a period  of  relative  magnetic  quies- 
cence. Figuratively  speaking,  it  is  the  lull  between  storms. 
Data  from  the  AFGL  NKC-135  all-sky  camera  and  scanning 
photometer  provide  evidence  of  quiet  stable  auroral  condi- 
tions (see  I’ike  ei  al.  (1977)  and  Weber  el  al.  (1977)  for  a more 
complete  discussion  of  the  aircraft  data).  In  addition,  the 
similarity  of  imaging  data  from  Isis  2 and  DMSP  provide 
further  support.  We  shall  thus  consider  the  data  obtained  by 
Isis  2 to  be  representative  of  a quasi-steady  state  cm  ironment 

On  the  basis  of  previous  discussion,  we  view  the  variations 
in  particle  characteristics  as  essentially  spatial.  If  decreasing 
invariant  latitude  is  equated  with  decreasing  geocentric  dis- 
tance in  the  equatorial  plane,  then  the  latitudinal  patterns 
observed  during  orbit  3194  closely  parallel  the  general  quiet 
time  geocentric  pattern  presented  by  Frank  (1971).  That  is,  the 
average  energy  and  energy  Dux  first  increase  and  then  decrease 
as  a function  of  decreasing  geocentric  distance  (mv  ariant  lati- 
tude). Thus  we  conclude  the  Duxes  observed  during  orbit  3194 
to  be  of  plasma  sheet  origin,  the  higher-latitude  Duxes  originat- 
ing in  the  upper  boundary  plasma  sheet  and  the  lower-latitude 
portion  in  the  central  plasma  sheet  (see  Wmmn$ham  ei  al , 
1975). 

Frank  (1971)  noted  that  in  the  premidmght  hours  the  ‘earth- 
ward edge  of  the  plasma  sheet  is  at  1 -3  Rt  beyond  the  plasma- 
pause  position  in  the  premidmght  period-  (see  Frank.  1971, 
I igurc  8)  If  the  increase  in  electron  density  at  the  satellite 
beginning  at  approximately  0613  IT  is  interpreted  as  encom- 
passing the  equatorial  plasmnpausc,  then  our  results  aie  m 
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li*  8.  Scatter  ('lots  for  various  auroral  emissions  vemts  total  precipitated  panicle  energy  tluv.  Least  squares  lillcsl 
straight  lines  basesl  on  all  data  points  except  the  one  ar  the  peak  of  the  profile  art  shown  also. 


general  agreement  with  those  of  Frank  11971],  Specifically,  the 
edge  of  the  low-ultiludc  plasma  sheet  is  localerl  at  A «*.  66°, 
and  the  plasntapause  is  at  A < 62°  (the  exact  value  would 
depend  on  which  definition  one  uses  for  the  low-altitude 
plasmapausc).  Converting  A A S 4”  to  At  goes  1,5  Kt,  which 
is  seen  to  lie  within  the  1-5  Rt  found  by  Frank  |197l). 

Also  Frank  ] 197 1 ] found  that  'the  trapping  boundary  for 
energetic  electrons  is  usually  observed  coincident  with  or  be- 
yond the  boundary  of  the  earthward  edge  of  the  plasma  sheet.' 
The  '40-keV  trapping  boundary'  defined  by  the  Isis  2 EPD  falls 
at  A * 71”,  i.e„  ~S”  poleward  of  the  inner  edge  of  the  low* 
altitude  plasma  sheet,  in  agreement  with  Frank.  However, 
consideration  of  low-energy  Isis  2 electron  and  proton  fluxes 
show  angular  distributions  (waked  at  90”  up  to  7b*.  If  such  an 
angular  distribution  is  taken  as  sufficient  proof  of  closed  field 
lines,  then  magnetic  field  lines  are  closed  to  at  least  7b”,  Thus 
most  of  the  low-altitude  plasma  sheet  (possibly  all)  and  by 


analogy  the  equatorial  plasma  sheet  was  on  closed  field  lines 
during  orbit  5194.  Thus  some  caution  should  be  used  when 
interpreting  the  40-keV  boundary  as  the  last  closed  field  line. 
In  the  present  case  an  erroneous  conclusion  would  have  been 
reached. 

Comparison  of  the  spectra  in  Figure  2 with  published 
plasma  sheet  spectra  [Hones  el  it/.,  1971]  reveals  significant 
difterences.  especially  at  low  energies.  According  to  C,  \V 
Hones  (private  communication,  1976)  the  majority  of  all 
plasma  sheet  spectra  observed  with  the  Vela  satellites  exhibit 
Maxwellian  spectra.  Only  the  portion  of  spectra  6,  7,  and  8 
(the  spectra  closest  to  the  maximum  in  energy  flux)  above 
approximately  I keV  can  be  reasonably  fitted  by  a Maxwellian 
distribution.  In  addition,  the  intensities  of  the  low -altitude 
fluxes  are  larger  than  typical  equatorial  fluxes.  Two  possible 
conclusions  come  to  mind.  One  is  that  there  is  no  a priori 
reason  to  assume  any  relation  between  the  auroral  tone  fluxes 
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and  the  equatorial  plasma  sheet,  The  second  and  more  prob- 
able cause  is  the  lack  of  detailed  measurements  inside  and 
around  the  equatorial  loss  cone.  This  is  the  region  of  angular 
space  where  low-altitude  fluxes  must  originate  (in  the  absence 
of  strong  pitch  angle  scattering).  Hones  [1971)  and  more  re- 
cently Mcllwain  [1975)  have  shown  larger  fluxes  and  dilTcrent 
spectra  inside  the  equatorial  loss  cone.  Thus  any  firm  con- 
clusion concerning  the  agreement  (or  lack  of  it)  between  low- 
and  high-altitude  spectra  must  await  more  detailed  measure- 
ments in  the  equatorial  plasma  sheet  loss  cone. 

Along  the  magnetic  subsatcllitc  track  the  boundaries  of  the 
'low-altitude  plasma  sheet'  coincide  with  the  topside  poleward 


trough  wall  and  the  depleted  polar  cap.  in  addition,  the  low- 
altitude  plasma  sheet  coincides  with  a region  of  enhanced 
electron  density  irregularities  (spread  F ).  This  is  not  a terribly 
surprising  result,  since  the  observed  particle  fluxes  represent 
one  of  the  largest  energy  inputs  into  the  darkened  nightside 
ionosphere.  If  the  relation  between  particle  fluxes  and  optical 
emissions  holds  true  for  all  local  times  observed  by  the  Isis 
imaging  system  during  orbit  3194,  then  similar  topside  iono- 
spheric conditions  could  be  reasonably  expected  at  these  loca- 
tions. The  same  should  hold  true  for  bottomside  ionospheric 
effects  (i.c..  and  FI.IZ),  and  this  conclusion  has  been  veri- 
fied for  available  ground-based  sounders.  This  demonstrates 
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Fig  9.  A contour  band  plot  of  the  (top)  5577-A  and  (bottom)  3914-A  data  along  the  spacecraft  track  and  lor  about  SO 
km  on  each  side.  Lines  of  corrected  geomagnetic  latitude  arc  also  shown.  The  legend  goes  the  iniensit)  range  in 
kilorayleighs  of  each  band  The  data  from  each  spin  are  represented  by  a rectangle  made  up  of  13  N 20  individual  intensity 
values  which  have  been  smoothed  in  the  manner  described  in  the  text  Data  from  nine  successive  spins  were  then  looted  lo 
make  a continuous  map.  Last-west  irregularities  are  attributable  to  counting  statistics  except  in  the  t>9°  latitude  range  w licte 
both  wavelengths  show  a consistent  drop  in  intensity  off  the  satellite  track. 
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Fig.  10.  A contour  bund  plot  of  synthetic  dsta  processed  and  displayed  the  same  as  in  Figure  8.  Individual  data  values 
are  derived  from  a constant  intensity  of  2,15  kR  (10.8  counts)  with  superimposed  counting  statistical  variations.  The  value 
of  1.15  kR  (chosen  to  represent  a typical  case)  is  about  t»  removed  from  the  center  of  one  of  the  3<r  contour  bands, 
Substantial  variations  are  evident  in  the  smoothed  data.  Such  variation  can  be  considered  typical  for  data  of  any  intensity 
where  the  same  smoothing  and  relative  contour  bandwidth  is  used.  They  show  the  ty  pical  sire  and  frequency  of  intrusions 
by  adjacent  bands  due  to  statistical  fluctuations  alone  and  lead  to  the  conclusion  that  most  of  the  east-west  irregularities  in 
Figure  8 are  attributable  to  counting  statistics. 


the  power  of  'geophysically  calibrated'  satellite  auroral  imag- 
ing systems,  especially  a high-altitude  'cinematography'  sys- 
tem capable  of  viewing  the  complete  auroral  oval 

As  would  be  suspected  from  ground-based  measurements, 
the  region  of  low-energy  electron  fluxes  corresponds  to  a re- 
gion of  enhanced  red  to  green  and  red  to  blue  ratios  and  F 
layer  irregularities.  In  a like  manner  the  more  energetic  elec- 
tron spectra  are  associated  with  enhanced  5577-A  and  3914- A 
photon  fluxes  and  auroral  E layers.  These  results  provide 
support  for  active  pursuit  of  'intcrcalibrations'  and  inter- 
comparison of  satellite  and  ground-based  (including  aircraft) 
results  to  the  mutual  benefit  of  each  type  of  measurement. 

Comparison  of  Isis  results  with  DMSP  images  supports  the 
previously  reported  [Misera  ti  al.,  1975)  preferential  sensitiv- 
ity of  the  DMSP  system  to  higher-energy  (greater  than  a few 
keV)  electrons.  Thus  care  should  be  taken  in  interpreting 
DMSP  results,  especially  during  quiet  periods.  Future  auroral 
imaginR  systems  should  sample  lines  sensitive  to  low-energy 
fluxes. 

The  optical  and  particle  data  from  this  pass  can  be  classified 
as  being  in  'reasonable'  agreement  once  the  eflects  of  surface 
optical  albedo  and  east-west  nonuniformities  in  precipitation 
are  taken  into  account.  (Reasonable  in  this  context  is  meant  to 
imply  as  good  as  any  current  equivalent  determination  (i.e., 
East  inf  and  Hays,  1977).)  Two-dimensional  optical  data  of 
photometric  quality  are  clearly  required  in  carrying  out  such 
comparisons,  along  with  great  care  in  the  interpretation  of 
such  data,  even  under  what  could  be  considered  to  be  ex- 
tremely quiet  conditions,  Dramatic  variations  in  average  par- 
ticle energy  (50-1000  eV)  during  this  pass  (which  closely  track 
the  precipitated  energy  flux)  show  up  prominently  in  the 
greater  latitudinal  width  of  the  6300- A intensity  profile  relative 
to  5577  A and  3914  A and  further  illustrate  the  capabilities  of 


optical  remote  sensing  as  a means  of  evaluating  precipitating 
particle  fluxes  and  energies  over  broad  regions  beneath  a satel- 
lite. 

Appendix:  Evaluation  of  Effects  of 
Statistical  Variations  in  Contour  Piots 

In  developing  a technique  for  presenting  and  interpreting 
data  from  the  imaging  system  on  Isis  we  have  relied  heavily  on 
the  use  of  synthetic  data  created  by  adding  simulated  counting 
statistical  noise  to  a known  two-dimensional  profile  (usually  of 
constant  intensity).  The  synthetic  data  are  then  processed  and 
presented  in  the  same  way  as  the  real  data.  When  many  differ- 
ent synthetic  profiles  based  on  the  same  'real'  profile  were 
examined,  we  learned  (somewhat  to  our  dismay)  what  a large 
effect  purely  statistical  variations  can  have  on  apparent  con- 
tour shapes. 

On  the  basis  of  this  experience,  we  adopted  the  following 
procedure  in  preparing  the  two-dimensional  intensity  data. 
First,  the  data  were  smoothed  by  rows  and  columns  by  using  a 
smoothing  function  of  0.25, 0.5, 0.25,  and  were  then  smoothed 
a second  time  by  using  the  same  procedure.  Next  they  were 
grouped  together  in  contour  bands,  each  band  comprising  a 3 a 
range  of  intensities  based  on  counting  statistics,  the  reduction 
in  a due  to  nnoothing  being  taken  into  account.  The  results  for 
both  5577  A and  3914  A for  the  pass  considered  in  this  paper 
are  shown  in  Figure  9.  Most  of  the  irregularities  in  the  contour 
bands  can  be  attributed  to  counting  statistics,  as  is  evidenced 
by  Figure  10,  which  shows  a comparable  set  of  synthetic  maps 
based  on  a uniform  intensity  (with  statistical  noise  added). 
Data  from  successive  spins  have  been  joined  together  to  give  a 
continuous  map.  Examination  of  these  and  other  synthetic 
maps  leads  one  to  conclude  that  the  east-west  variations  in 
Figure  9 are  no  greater  than  ihose  arising  from  the  effects  of 
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counting  statistics  alone  except  in  the  region  between  69°  and 
70°  CGL.  Here  east-west  gradients  become  large  and  indicate 
that  the  spacecraft  overflew  a localized  high  plateau,  with 
lower  intensities  on  each  side,  Differences  in  the  data  near  the 
peak  may,  in  addition,  imply  temporal  variations  during  the 
10-s  interval  between  samples  at  the  two  wavelengths. 
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All-sky  camera  and  photometric  data  were  obtained  by  airborne  instrumentation  as  a function  of 
latitude  and  time  during  '.he  course  of  an  auroral  substorm.  During  the  substorm  recovery  phase  the  Isis  2 
satellite  passed  within  60  km  of  the  aircraft  zenith.  The  discrete  and  dilluse  auroral  regions  were  identified 
from  the  airborne  all-sky  camera  data.  Satellite  and  photometric  observations  of  the  corresponding 
incoming  particles  led  to  the  following;  conclusions'  (I ) The  diffuse  and  the  discrete  auroras  seen  in  the  all- 
sky camera  data  correspond  to  the  tiso  different  particle  precipitation  regions  observed  from  satellites  and 
referred  to  as  CPS  and  ’-PS.  respectively  (Winningham  et  al..  1975),  (’)  The  diffuse  auroral  region  is 
associated  with  high-r  .erg)  stably  trapped  energetic  electrons,  and  the  discrete  aurora  is  poleward  of  the 
stable  electron  trapping  boundary.  (3)  The  latitudinal  distribution  of  characteristic  particle  energies  docs 
not  change  in  a relative  sense  during  the  poleward  expansion,  but  expands  'aceordionlike.'  (4)  The  height- 
integrated  intensity  ratio  of  the  red  (6300  A)  to  green  (5577  A)  emissions  of  atomic  o\)gcn  is  a good 
indicator  of  the  characteristic  energy  of  the  incoming  panicle  spectrum. 


Introduction 

The  auroral  scanners  aboard  the  Isis  2 and  DMSP  satellites 
have  identified  at  least  two  types  of  auroras,  the  discrete  and 
diffuse  auroras  [Lui and  Anger,  1973; Snyder tiaL.  1974;  Lttiet 
al..  I975J.  It  is  thus  of  great  interest  to  examine  the  corre- 
sponding features  in  the  pattern  of  precipitation  of  auroral 
particles.  The  precipitation  patterns  of  auroral  electrons  along 
magnetic  meridian  lines  have  been  studied  by  Frank  and  Ack- 
erson  [1971].  Hoffman  and  Burch  [1973).  Deehr  et  al.  (1973), 
and  most  recently  by  Winningham  et  al.  [1975],  In  general,  the 
latitudinal  profiles  have  suggested  that  one  can  distinguish  at 
least  two  precipitation  regions.  Winningham  et  al.  refer  to 
these  as  the  BPS  (boundary  plasma  sheet)  and  CPS  (central 
plasma  sheet)  regions,  corresponding  to  the  regions  of  discrete 
and  diffuse  auroras,  respectively.  The  ‘inverted  V'  structure 
[Frank  and  Ackerson.  1971)  and  'lambda  structures'  [Sharber 
and  Heikkila.  1972)  are  usually  embedded  in  the  BPS  region. 

In  order  to  examine  relationships  between  the  precipitation 
pattern  of  auroral  electrons  and  the  two  auroral  regions  a 
simultaneous  observation,  from  above  by  the  Isis  2 satellite 
and  from  below  by  the  NASA  71 1 jet  aircraft,  was  conducted 
over  the  Arctic  Ocean  on  October  10,  1972.  The  purpose  of 
this  paper  is  to  report  some  of  the  results  of  these  obscrx  ations. 

Observational  Circumstances 

Figure  I shows  both  the  satellite  trajectory  and  the  aircraft 
path,  together  with  the  A V and  AL  indices  during  the  period 
of  interest,  Instead  of  projecting  the  satellite  trajectory  radially 
down  to  the  earth's  surface,  it  is  projected  along  the  geomag- 
netic field  lines,  to  an  altitude  of  1 10  km,  at  w hich  most  of  the 
precipitating  electrons  of  the  observed  average  energy  are 
stopped.  Over  the  Arctic  Ocean,  ofi'  Barrow,  the  aircraft 


headed  first  in  the  untiparallel  direction  to  the  expected  Isis  2 
trajectory  (0857-1030  UT)  and  then  flew  parallel  to  the  tra- 
jectory between  1030  and  1110  UT.  The  satellite  passed  nearest 
to  the  aircraft  between  1 104  and  1 105  UT. 

The  aurora  was  very  quiet  until  about  0930  UT  and  became 
quite  active  afterwards  (sec  Figure  2).  Several  surges  were 
observed  between  0930  and  1010  UT,  and  an  intense  poleward 
motion  began  at  about  1020  UT.  At  that  time  the  aircraft  was 
flying  poleward,  but  the  auroral  motion  overlook  the  aircraft 
at  about  1023  UT  and  went  far  polew  ard  of  it  by  1030  UT.  at 
which  time  the  aircraft  turned  equatorward.  The  satellite 
passed  the  nearest  point  to  the  aircraft  when  the  aircraft  was 
located  approximately  on  the  boundary  between  the  diffuse 
and  discrete  auroral  regions  (70.0°N  geographic  latitude. 
166  0’W  geographic  longitude).  This  can  be  seen  more  clearly 
in  the  all-sky  photograph  shown  on  the  left-hand  side  of 
Figure  3. 

In  the  all-sky  photograph  (Figure  3)  we  can  easily  distin- 
guish two  types  of  aurora,  i.e.,  the  brighter  aurora  poleward  of 
the  aircraft  and  the  other  less  bright  aurora,  equatorward  of  it. 
Although  almost  no  structure  can  be  seen  in  the  poleward 
aurora  (because  of  the  saturation  of  the  film),  some  folds  or 
wavy  shapes  are  apparent  near  the  western  horizon,  indicating 
rayed  structure.  Thus  it  is  reasonable  to  identify  the  poleward 
aurora  as  a discrete  aurora;  in  fact,  it  was  the  arc  which 
advanced  poleward  at  about  1020  UT  On  the  other  hand,  the 
equatorward  aurora  has  a much  mote  uniform  and  diffuse 
luminosity  and  could  therefore  be  identified  as  a difl'use  au- 
rora. 

The  satellite  traversed  the  auroral  region  between  1 103  ano 
1 107  UT.  which  was  during  the  recovery  phase  of  the  substorm 
(a  200- y negative  bay  at  College,  see  Figure  1,  bold  line).  The 
satellite  path  (again  projected  along  the  geomagnetic  field  lines 
to  an  altitude  of  1 10  km)  is  plotted  every  10  s front  1 103:20  to 
1106:00  UT  on  the  all-sky  photograph  (Figure  3).  The  circled 
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Fig.  I.  A nmp  of  the  Almknu  sector  showing  the  route  of  the  airplane  (sollil  line)  nml  thm  of  the  satellite  (ilnsheil  line), 
Inheleil  in  universal  time.  Shown  also  arc  the  All  aiul  At.  inugtictie  imlices  consisting  of  the  envelope  of  auroral  region  II 
component  inngiictogranis,  The  College  magnetometer  is  shown  as  a heavier  line, 


dot  iiidieules  the  point  where  the  projected  latitude  of  (he 
satellite  is  70.0°  N,  which  is  also  the  latitude  of  the  zenith  of  the 
all-shy  photograph.  The  longitudes  of  the  zenith  and  the  cir- 
cled dot  arc  different  by  approximately  60  km. 

The  soft  particle  spectrometer  (SI’S)  spectrogram  for  this 
pass  is  shown  on  the  right-hand  side  of  Figure  3;  for  details  of 
the  spectrogram,  see  H'innlnyham  ft  al.  jl975|.  The  satellite 
crossed  the  poleward  edge  of  the  auroral  precipitation  at 
1 103:31  UT  and  the  ct|unlorwurd  edge  at  1 106:28  UT. 

In  the  spectrogram  we  can  also  recognize  two  types  of  the 
particle  precipitation,  poleward  and  equatorward  of  approxi- 
mately 7()"N  geographic  latitude.  The  poleward  precipitation 
shows  a considerable  structure  and  has  an  intense  llux  and 
higher  average  energy,  while  the  equatorward  one  shows  al- 
most no  structure  (except  for  a very  low'  energy  burst  around 
1105:40  UT)  and  has  a weaker  llux  and  a lower  average 
energy.  Thus  these  two  regions  correspond  to  the  HI'S  and 
Cl’S,  respectively  | H’intiinghum  a al.,  1975].  It  can  be  seen  that 
the  aircraft  was  located  near  the  boundary  between  the  two 
precipitation  regions  during  the  satellite  pass. 

SMI  ! I ttl  OllSIHVAIIONS 

The  low -energy  (-c  15  keV)  electron  data  obtained  by  Isis  2 
(see  Figure  3)  can  be  regarded  as  a 'snapshot'  of  the  late 
Subslorm  electron  latitudinal  profile.  As  mentioned  in  the 
previous  section,  two  distinctively  different  regions  cun  be 
recognized  in  the  spectrogram  From  1 103  23  UT  (A  - 70,8") 
to  1104:32  UT  (,V  - 67.6")  a baud  of  structured  intense 
electron  llux  was  observed.  At  lower  latitudes  from  1 104,32  to 
1106  28  UT(.\  ~ 62.3")  a relatively  uniform  weaker  electron 
llux  was  measured.  In  Figures  4<i-4</,  spectra  representative  ot 
the  structured  region  arc  presented,  as  is  done  for  the  diffuse 
precipitation  m Figures  4c-46 


The  energy  spectrum  of  auroral  primary  electrons  can  often 
be  described  by  an  equation  of  a Maxwellian  type:  iV(fc')  i IK  - 
N,ti  exp  (-fe'/n)  cl  cm  * s 1 cV  ',  where  o (*•  kTf)  is  the 
'characteristic  energy,'  or  the  energy  at  the  peak  of  the  distri- 
bution. As  can  be  seen  in  Figures  4c-46,  the  high-energy  end  of 
the  spectrum  in  the  diffuse  auroral  region  is  well  described  by  a 
Maxwellian  distribution,  but  the  low-energy  portion  is  best 
described  by  a power  law.  An  exception  to  the  low-energy 
power  law  was  observed  in  spectrum  4g.  This  spectrum  was 
taken  from  the  low-cncigy  burst  observed  in  the  spectrogram 
(Figure  3)  al  approximately  1 105:30  UT.  The  low -energy  burst 
cannot  be  described  by  a Maxwellian  distribution  either,  the 
observed  spectrum  bet  >g  narrower  than  a Maxwellian.  This 
low-energy  burst  constitutes  only  a minor  fraction  of  the  total 
energy  llux  and  thus  docs  not  contribute  significantly  to  the 
auroral  luminosity. 

The  characteristic  energy  of  the  electron  spectra  in  the  dif- 
fuse zone  gradually  increased  from  0.9  keV  as  the  invariant 
latitude  decreased.  A maximum  of  I keV  was  reached  at 
- 1 105:50  UT  (A  « 63.9")  after  which  time  it  gradually  de- 
creased to  0,6  keV  (Figures  4<--4 h).  The  power  law  portion  (al 
low  energies)  of  the  observed  spectra  could  be  due  to  con- 
jugate degraded  primaries  and  secondaries. 

The  structured  auroral  region  exhibits  a variety  of  spectra, 
some  of  which  arc  described  by  a Maxwellian  curve  (Figures 
4u  and  4s/)  and  others  which  arc  not  (Figures  46  and  4c) 
Spectrum  4<i  was  obtained  in  the  region  just  poleward  of  the 
intense  bursts.  Spectra  46  and  4c  were  obtained  in  the  region  of 
intense  bursts  and  highest  average  energy  Spectrum  4</  was 
observed  just  equatorward  of  the  most  intense  bursts  and  is 
Maxwellian  m shape  except  for  the  low-energy  region,  which  is 
power  law  Its  characteristic  energy  (I  4 keV)  is  higlici  and  its 
total  energy  input  is  greater  than  those  observed  in  lire  diffuse 
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i 5 ' NASA  ?\\ 

October  10,  1972  UT 

I is  2 A eolleelioti  ol  all-sks  saniera  photsigruphs  taken  lioiu  the  NASA  WO  ducr  alt  dining  the  Ihglil  ol  Oslo  bet  10, 
I'J7’  I he  suhstorm  begins  oier  the  airs  rail  at  IWHI  and  expands  pole  waul  (up*  nidi  I he  airsiatl  until  the  aiisialt  Hints 
espiatoissaid  at  I (HO,  flung  tmdci  the  dilluse  auioia  to  the  end  ol  the  flight  (gcotnagiictis  uoith  it  up  and  east  is  to  the 
right) 


region  (I  igtites  4e-4A)  I netgs  lltises  as  large  as  JOetgs  an  ‘si  's  1 ssete  obseisetl  II 

the  speelia  slum n in  I igtues  4h  ami  4!  tatmol  he  tilled  sutli  isotropi  is  asstmtetl,  tins  tins  uould  ptotlme  - ItXI  kR  ol 
a Masssellian  distrilnition  I liese  spestia  sail  he  helict  strains  V enotigli  to  satutale  the  all-sks  him.  as  ohsetsetl 
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I ig  \ An  all-skv  camera  photograph  corresponding  to  the  closest  time  of  passage  of  the  satellite  unit  the  aitcralt  I lie 
path  ot  the  satellite  is  projected  downward  along  magnetic  held  lines  to  the  llO-km  altitude  and  shown  as  dots  on  the 
photograph  I he  times  at-which  the  satellite  passes  carious  points  on  the  photograph  are  indicated  t>\  arrows,  along  with 
the  assumed  height  of  the  aurora  I he  southern  edge  ot  the  particle  data  corresponds  to  an  auroral  altitude  ol  l ML  t SO  Km. 
which  is  consistent  with  the  characteristic  energs  of  the  particles  detecledut  the  satellite  (see  test! 


As  in  the  lower-energy  data,  a change  was  observed  in  the 
lil’l)  fluxes  at  approximutelv  I KM  .10  U 1'  lipinlorward  of  this 
point  a twice  per  spin  modulated  llu\  with  deep  minima  in 
both  hemispheres  was  observed  Flic  MOO-keY  stable  trap- 
ping boundary  was  located  at  this  point  (Figure  5f)  Poleward 
of  this  boundarv  the  energetic  flux  softened  considerably  (see 
I igures  $n  and  5 b for  the  ratios  of  the  >22-  to  ">4()-keV  and 
MO-  to  60-hcV  fluxes)  and  became  structured  It  should  be 
noted  here  that  the  ‘softening'  of  the  high-energy  flux  is  re- 
flected as  an  increase  of  the  characteristic  energy  of  the  elec- 
trons measured  with  the  SI’S 

At  t -Snv  Cami  ra  Ohm  rv  a i ions 

I he  intersection  between  the  poleward  edge  of  the  amoral 
luminosity  and  the  satellite  trajectory  projected  to  1 16  Win  is 


indicated  by  a black  airow  in  I igurc  $ (Hereafter  the  satclhtc 
location  will  he  the  projection  to  1 10  km  along  the  magnetic 
held  ) It  can  be  seen  (Figure  that  except  for  a very  nariow 
(in  latitude)  region  of  soft  (average  energy  less  than  I keV) 
particle  precipitation,  the  poleward  edge  of  the  structured 
precipitation  region  coincides  with  the  poleward  boundary  ol 
the  auroral  hmmiosily,  in  spite  of  its  large  reintli  angle  (about 
7b°)  in  the  all-sky  photograph  1 lie  soft  particles  precipitating 
just  poleward  of  the  disctclc  aurora  might  have  caused  an 
appreciable  luminosity  llowevei,  because  the  average  emerge 
is  low  (sec  Figure  4<j),  the  height  of  this  luminosity  must  have 
been  higher  than  lit)  km,  so  that  it  was  likely  to  be  located 
'behind'  the  bright  aurora 

If  the  heights  of  the  evpiatorward  edge  of  the  diffuse  aurora 
are  assumed  to  be  110,  l‘>0,  and  ISO  km,  the  evpiatorward 
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boundary  of  the  diffuse  aurora  on  the  all-sky  photograph  can 
be  compared  in  Figure  3 with  that  of  the  diffuse  precipitation 
region  on  the  spectrogram.  The  point  of  intersection  between 
the  equatorward  edge  of  the  auroral  luminosity  and  the  satel- 
lite path  projected  down  to  1 10-,  I50-,  and  180-km  heights  is 
shown  with  the  white  arrow  head,  star  mark,  and  triangle, 
respectively  If  the  height  of  the  diffuse  aurora  is  assumed  to  be 
1 10  km,  the  particle  and  optical  boundaries  do  not  coincide 
(geographic  latitude  66.7°  from  the  all-sky  photograph  and 
64.9°  from  the  spectrogram),  and  thus  the  precipitation 
boundary  is  located  at  a lower  latitude  by  approximately  2".  If 
the  height  is  assumed  to  be  180  km,  they  almost  coincide  with 
each  other  (at  approximately  latitude  65.0°).  The  energy  of 
electrons  must  have  been  near  600  eV  to  have  cuused  a max- 
imum ionization  at  180-km  altitude.  Indeed,  such  a value  is 
approximately  that  of  the  observed  characteristic  energy  of  the 
particles  on  the  equatorward  edge  of  the  precipitation  region 
(see  Figure  46). 

Another  effect  which  must  be  accounted  for  here  is  that  the 
actual  equatorward  edge  of  the  diffuse  aurora  must  have  been 
hidden  by  the  lower-altitude  part  of  the  diffuse  aurora,  In  fact, 
the  equatorward  edge  of  the  diffuse  aurora,  determined  by 
assuming  a 110-km  height,  corresponds  to  the  point  of  the 
highest  average  energy  (approximately  2 keV)  in  the  diffuse 
precipitation  region  (at  1 105:49  UT;  66.7°  geographic  latitude, 
or  see  Figure  4/),  As  was  mentioned  earlier,  the  average  energy 
of  the  particles  gradually  decreased  equatorward  of  this  point, 
and  therefore  the  height  of  the  luminosity  must  have  increased 
(Figure  46).  These  effects  combine  to  produce  the  apparent 
discrepancy  between  the  edges  of  the  precipitation  region  and 
luminosity  determined  from  an  all-sky  camera  in  the  middle  of 
this  region. 

The  diffuse  aurora  observed  by  the  satellite  during  this  late 
substorm  recovery  was  the  result  of  the  precipitation  of  Max- 
wellian electrons,  most  likely  from  the  timer  portion  of  the 
plasma  sheet  (CPS). 

Photometric  Observations 

A 6-in.  aperture  birefringent  filter  photometer  with  a 5°  full 
field  of  view  directed  toward  the  zenith  was  mounted  on  the 
uircraft.  This  photometer  (described  by  Deehr  (1969])  is  of  a 
type  which  continuously  subtracts  the  observed  background 
continuum  emission  signal  from  narrow  discontinuities  on  the 
emission  continuum.  It  is  therefore  most  useful  for  observing 
the  intensity  of  atomic  emission  lines,  and  for  the  present  study 
these  lines  were  the  red  and  green  lines  of  neutral  atomic 
oxygen  at  6300  and  5577  A,  respectively. 

The  usefulness  of  these  auroral  emission  lines  for  determin- 
ing the  characteristic  energy  of  the  incoming  particle  popu- 
lation has  been  shown  by  several  workers,  most  recently  by 
Rees  and  Lackey  (1974],  Both  emissions  originate  from  low, 
metastable  energy  levels  of  neutral  atomic  oxygen,  but  the 
lifetime  of  the  0300-A  line  is  considerably  longer  (1 10  versus 

0.75  s),  so  this  level  is  collisionally  depopulated  at  a far  greater 
rate  at  low  auroral  altitudes.  Because  both  emissions  are  pre- 
dominantly excited  by  secondary  electrons  whose  energy  spec- 
trum is,  in  turn,  determined  by  the  characteristics  of  the  in- 
coming primary  electrons  and  because  the  primary  electrons 
are  deposited  in  altitude  inversely  according  to  energy  [cf. 
Rees . 1969),  the  ratio  of  the  intensities  of  these  two  lines  (6300 
A/5577  A)  is  a good  measure  of  the  characteristic  energy  of 
the  incoming  primaries 

The  intensity  of  the  N,'  first  negative  group  is  directly 
related  to  5577-A  emission  (Kees  and  Luckev.  1974],  The  4278- 


A N,4  emission  may  be  a better  measure  of  the  total  ionization 
than  the  green  line,  but  it  could  not  be  used  in  the  present 
study  because  the  photometer  is  not  linearly  sensitive  to  emis- 
sions of  spectral  width  greater  than  6 A. 

Ealher  and  Mende  [1972]  plotted  6300  A/4278  A versus 
4278-A  emission  as  a measure  of  incoming  particle  energy  for 
a number  of  similar  aircraft  excursions  across  the  auroral  zone 
and  found  that  statistically  the  iower-energy  particles  «nd  thus 
the  resulting  higher  6300  A/4278  A emission  ratio  were  found 
on  the  poleward  side  of  the  nightside  auroral  precipitation 
zone  (see  also  Mende  and  Ealher,  1975],  However,  this  is  not 
ulways  the  case,  and  at  times  lower  characteristic  energies 
could  be  found  at  lower  latitudes  and  higher  at  higher  lati- 
tudes. For  example,  the  latitudinal  distribution  of  character- 
istic energy  may  depend  on  substorm  time  (see  Winntngham  et 
al„  1975], 

Figure  6 shows  the  observed  intensity  of  6300-  and  5577-A 
emissions  along  with  the  6300  A/5577  A rutio  us  a function  of 
time  throughout  the  (light.  Five  areas  of  different  auroral 
character  are  indicated  in  the  figure  according  to  Table  I. 

The  wide  variations  of  the  6300  A/5577  A intensity  ratio 
(Figure  6,  area  2)  are  due  mostly  to  viewing  the  upper  and 
lower  borders  of  moving  discrete  arcs,  which  is  another  in- 
dication of  the  dependence  of  this  ratio  on  the  altitude  of  the 
emitting  region.  The  diffuse  aurora  (Figure  6,  area  4),  on  the 
other  hand,  shows  u remarkably  steady  relationship  between 
the  two  emissions.  Plotting  the  6300  A/5577-A  rutio  as  a 
function  of  the  5577-A  intensity  (Figure  7)  shows,  as  is  gener- 
ally known,  that  the  brighter  the  aurora,  the  more  energetic 
the  incoming  particles  (see  next  paragraph).  Thus  all-sky  cam- 
era pictures  can,  in  general,  be  a good  qualitative  indicator  of 
the  characteristic  energy  of  the  incoming  particles;  the  pho- 
tometers can,  however,  provide  a quantitative  index  of  the 
incoming  particle  energy. 

The  intensity  ratio  predicted  by  Rees  and  l.uekey  [ 1 974]  is 
shown  by  solid  lines  in  Figure  7.  Because  these  curves  are 
based  on  the  predicted  intensity  of  4278-A  N,'  INC  emission, 
a conversion  to  5577-A  emission  was  made  from  Figure  4 of 
Rees  and  Lackey's  (1974]  work.  What  is  shown  here  is  that  the 
characteristic  energy  « of  the  incoming  electrons  varied  be- 
tween approximately  0.2  and  6 keV  during  the  airplane  flight. 
In  terms  of  substorm  events  this  may  be  summarized  in  the 
following  way: 

1.  The  initial  poleward  expanding  arc  is  of  low  character- 
istic energy. 

2.  The  bright,  discrete  poleward  arcs  immediately  follow'- 
mg  the  poleward  expansion  are  associated  with  electrons  of 
relatively  high  characteristic  energy. 

3.  The  diffuse  aurora  (after  the  poleward  expansion)  has  a 
lower  energy  characteristic  than  the  bright  poleward  ex- 
panding arc. 

Implicit  in  this  result  is  the  support  of  the  Rees  and  l.uckcy 
model  for  the  particle-emission  relationship.  Indeed,  the  char- 
acteristic energies  determined  by  the  photometric  data  in  Fig- 
ure 7 for  each  type  of  aurora  match  very  well  the  observed 
particle  energy  as  listed  in  the  last  two  columns  of  Table  1 
Although  the  agreement  is  no  better  than  the  assumption  that 
the  intensity  calibration  (comparison  with  ground-based  pho- 
tometers) is  within  50%  and  that  the  llucluations  arc  due  to 
departure  from  total  height  integration  of  the  emission 

As  mentioned  earlier,  the  particle  data  from  the  satellite 
pass  shown  in  Figure  3 may  be  regarded  as  a late  substorm 
snapshot  of  the  latitudinal  distribution  of  auroral  precipitation 
as  reconstructed  from  the  photometric  data  In  other  w ords.  at 
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ihc  time  of  the  satellite  pass  lau  in  ilic  substorm,  the  latitu- 
dinal distribution  of  characteristic  energy  determined  from  the 
particle  data  was  remarkably  similar  to  that  encountered  dur- 
ing the  course  of  the  substorm  from  the  aircraft  according  to 
■the  photometric  observations  Thus  the  relative  latitudinal 
distribution  of  particle  energy  remained  roughly  the  same  and 
appeared  to  expand  aeeordionlikc  with  the  poleward  expan- 
sion ot  the  Mibstorm.  The  only  region  in  substorm  space-tune 
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Fig.  6,  The  zenith  intensity  ofthe  red  (6300  A)  and  green  (5577  A) 
lines  of  atomic  oxygen  are  shown  as  open  and  solid  circles,  respec- 
tively, as  a function  of  universal  lime  during  the  NASA  990  aircraft 
tlight  of  October  10,  1972.  The  intensity  ratio  is  the  solid  line.  The 
areas  covering  different  auroral  features  are  indicated  and  explained  in 
Table  I. 


not  covered  by  this  generalization  is  the  early  equatorwurd 
(diffuse)  aurora  (Figure  4 h).  which  was  equatorwurd  of  the 
airplane  throughout  the  flight. 

Another  feature  of  interest  is  the  appearance  in  Figures  3 
and  4</of  a large  flux  of  low-energy  electrons  near  1 105:36  UT. 
Although  this  spectrum  indicates  an  increase  of  more  than  a 
factor  of  10  in  total  number  flux,  the  contribution  to  the  totuf 
energy  flux  is  almost  nothing.  The  feature  is  therefore  not 
visible  on  the  all-sky  camera  photogruph. 

Summary 

All-sky  camera  and  photometric  data  were  obtained  from  a 
jet  aircraft  as  a function  of  latitude  during  the  course  of  an 
auroral  substorm.  Late  in  the  substorm,  near  magnetic  mid- 
night, the  Isis  2 satellite  passed  near  the  zenith  of  the  aircraft 
on  a north-south  orbit.  The  position  of  the  discrete  and  the 
diffuse  auroral  regions  was  determined  from  the  all-sky  cam- 
era data  and  compared  to  the  particle  data  taken  by  the 
satellite.  Additionally,  the  ratio  of  the  red  (63(H)  A)  and  green 
(5577  A)  emission  lines  of  atomic  oxygen,  as  a measure  of  the 
incoming  particle  energy,  was  compared  to  the  particle  energy 
determined  from  the  satellite  and  to  the  type  of  aurora  seen  on 
the  all-sky  camera. 

The  results  of  these  intercomparisons  arc  as  follows: 

I.  The  diffuse  and  the  discrete  auroras  seen  in  the  all-sky 
camera  data  correspond  to  the  two  different  particle  precipi- 
tation regions  observed  from  satellites  and  referred  to  as  Cl’S 
and  HI’S,  respectively  [Winningham  el  al..  1975]. 


I Mil  1 I Character  of  Aurora  in  the  1 ive  Arcus  Shown  in  Figure  h 
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Fig.  7.  The  6300  A/5577  A intensity  ratio  as  a function  of  the 
5577-A  emission  rate.  The  solid  lines  indicate  the  values  predicted  by 
Rees  and  Lackey  (1974).  The  data  points  are  separated  according  to 
the  areas  defined  in  Figure  6 and  Table  I. 

2.  The  diffuse  auroral  region  is  associated  with  stably 
trapped  energetic  particles,  and  the  discrete  aurora  is  poleward 
of  the  stable  trapping  boundary. 

3.  The  latitudinal  distribution  of  characteristic  particle 
energies  does  not  change  in  a relative  sense  during  the  pole- 
ward  expansion  but  expands  accordionlike. 

4.  The  height-integrated  intensity  ratio  of  the  red  (6300  A ) 
to  green  (5577  A)  emissions  of  atomic  oxygen  is  a good  in- 
dicator of  the  characteristic  energy  of  the  incoming  particle 
spectrum. 
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Dependence  of  Substorm  Occurrence  Probability  on  the  Interplanetary 
Magnetic  Field  and  on  the  Size  of  the  Auroral  Oval 

Y.  Kamide,u  P.  D.  Perreault,’  S.*l.  Akasofu,’  and  J.  D.  Winningiiam’ 

The  dependence  of  substorm  occurrence  probability  on  the  north-south  component  B:  of  the  inter- 
planetary magnetic  field  (IMF)  and  on  the  site  of  the  auroral  oval  is  examined  on  the  basis  of  two 
independent  data  sets  (Isis  I and  2 low-energy  electron  data  and  all-sky  camera  data  from  the  Alaska 
meridian).  The  occurrence  of  substorms  is  identified  by  the  electron  precipitation  pattern  (Isis  data),  the 
auroral  features  in  the  Alaskan  sector,  and  available  ground  magnetic  records.  The  substorm  occurrence 
frequency  increases  as  the  oval  expands  and  as  the  B:  component  of  the  IMF  decreases.  It  increases  from 
approximately  25%  to  100%  for  8:  values  of  the  IMF  ranging  from  +7  to  -5  nT;  here  8:  values  are  aver- 
aged for  I hour  preceding  the  time  of  satellite  passage  and  the  onset  of  substorms  observed  by  the  all-sky 
cameras.  The  occurrence  probability  of  quiet  times  increases  w ith  an  increasing  value  of  the  northward 
IMF,  It  is  interesting  to  note  that  there  are  almost  no  periods  without  substorms  when  the  IMF  has  a . 
large  southward  component,  but  substorms  do  occur  even  when  the  IMF  has  a large  northward 
component.  Since  there  is  a close  relationship  between  the  direction  of  the  IM  F and  the  sire  of  the  auroral 
oval,  our  finding  that  the  occurrence  frequency  of  substorms  increases  with  the  expansion  or  the  auroral 
oval  suggests  that  the  substorm  probability  may  be  related  to  the  amount  of  energy  stored  in  the 
magnetotail. 


Introduction 

A large  number  of  ground-based  and  spacecraft  observa- 
tions of  plasma  parameters  and  electric  and  magnetic  fields 
have  been  used  in  constructing  a working  model  of  magneto- 
spheric  substorms  j/Uu.to/u.  1968;  MePherron  el  al„  1973a; 
Akaso/u  and  Kan,  1973;  Moser,  1973],  In  particular,  during  the 
last  several  years,  one  of  the  most  important  subjects  in  ttvtg- 
netospheric  physics  has  been  the  role  of  the  north-south  com- 
ponent (B:)  of  the  interplanetary  magnetic  field  (IMF)  on 
substorm  processes  (sec  review  papers  by  Bun-k  11974]  and 
Sishida  (1975)).  It  has  been  noted  that  the  auroral  oval,  along 
which  polar  substorms  occur,  responds  to  the  IMF;  it  expands 
equatorward  and  contracts  poleward  during  periods  of  south- 
ward and  northward  IMF.  respectively  (c.g.,  Akaso/u  el  al., 
1973;  Wnningham  el  al .,  1975;  Holzwvrth  and  Meng,  1975; 
kamideand  H'mningham , 1977],  However,  we  are  still  far  from 
even  a first  approximation  of  the  cause  of  substorms  (Fa.t- 
vhunas  and  Wolf,  1973;  Bun  k and  Hoffman,  1974;  Vasvliunas , 
1976). 

It  was  about  a decade  ago  when  substorms  observed  along 
the  classical  auroral  rone  were  found  to  be  associated  with  a 
southward  turning  ofthe  IMF  (e.g.,  Fairfield  and  Cahill,  1966; 
Bosioker  and  FiSIthanmiar,  1967).  This  finding  has  also  been 
claimed  to  be  statistically  confirmed  by  Arnoldv  ) 197 1 1 and 
Foster  ei  al.  (1971).  Subsequently,  however,  Sishida  (1971)  has 
shown  a few  cases  of  substorms  occurring  during  the  north- 
ward directed  IM  F.  Akasoju  ei  al.  (1973)  have  shown,  by  using 
all-sky  camera  data  along  a meridian  chain  of  observatories, 
that  substorms  are  quite  frequently  observed  along  the  con- 
tracted auroral  oval  during  periods  of  the  northward  IMF. 
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Thus  they  have  concluded  that  there  is  no  single  IMF  signa- 
ture, such  as  its  southwt(n)-TutHhqMlfi*ffsMNjltistently  related 
to  the  substorm  onset.  ft&Wttly,  i^ftik*rt*iti*en  reported  by 
Kamide  and  Akaso/u  ( 1974)  {Ihd  A’drfiWwfR'qfbft 975)  that  there 
is  no  qualitative  distinction  between  the  'normal’  and  ‘con- 
tracted oval'  substorms  in  terms, of  |gpicat.;uiroral  and  geo- 
magnetic disturbance  features  (i.e.,  ti  breakup,  westward  trav- 
eling surges,  and  negative  bays)  but  that  (he  energy  released 
during  a substorm  tMiV  tt*-)idrt#*urd  IMF  is 

greater  than  that  released  during  a substorm  associated  with 
the  northward  IMF.  l.ui  ei  al.  (1976)  have  shown  that  there  is 
no  basic  difference  between  these  substorms  except  for  the 
intensity  and  extent  of  the  area  covered  by  active  auroras  and 
electrojets. 

There  is  one  important  problem  which  is  crucial  in  seeking 
substorm  generation  mechanisms'  Does  substorm  occurrence 
probability  depend  on  the  B:  component  of  the  IMF  (or 
equivalently  on  the  sire  of  the  oval)?  If  the  occurrence  fre- 
quency has  a strong  dependence  on  the  IMF  direction  (or  the 
si/e  of  the  auroral  oval),  one  might  be  able  to  speculate  that 
the  occurrence  frequency  of  substorms  is  closely  related  to  the 
amount  of  energy  stored  in  the  magnetotatl,  since  there  is  a 
definite  relationship  between  the  IMF  B:  and  the  magnetic 
energy  stored  in  the  magnetotail  [e.g.,  Stseoe  and  Crooker, 
1974;  Console:  and  Mo:er,  1974;  Akaso/u.  1975).  If,  on  the 
contrary,  the  occurrence  probability  has  no  such  dependence, 
substorms  may  be  regarded  as  a random  process.  Tins  depen- 
dence has  been  difficult  to  examine  because  of  the  lack  of 
continuous  observational  data  on  the  entire  polar  region. 

/.mi  et  al  1 1975)  have  shown,  using  auroral  scanning  pho- 
tometer imagery  from  58  Isis  2 satellite  passes,  that  the  sub- 
storm  ‘seeing'  probability  decreases  as  the  auroral  oval  si /e 
decreases  They  then  suggested  that  although  the  seeing  proba- 
bility is  not  the  same  as  the  occurrence  probability , there  is  the 
possibility  that  the  latter  decreases  as  the  auroral  oval  con- 
tracts poleward. 

In  this  paper  an  attempt  is  made  to  show  that  there  is  a 
definite  dependence  of  substorm  occurrence  frequency  on  the 
north-south  component  of  the  IMF  and  on  the  sue  of  the 
amoral  oval  on  the  basis  of  two  independent  data  sets  Isis 


satellite  electron  spectrograms  and  all-sky  camera  records 
alo1"’  the  Alaska  meridian 

The  U.S.  Government  it  tuthotiied  to  reproduce  end  toll  ttnt  report. 
552 1 Perrsltcion  for  further  reproduction  by  other*  mutt  be  obtained  tiom 
Its*  copyright  owner. 
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Isis  Satellite  Data 

Analysis  Procedure 

In  the  first  data  set  we  determine  the  size  of  the  auroral  oval 
from  351  Isis  I and  2 satellite  electron  spectrograms.  Details  of 
the  Isis  Soft  particle  spectrometer  can  be  found  in  works  by 
Heikkila  el  al,  [1970],  Htikkila  and  B'inningham  [1971],  and 
Winninghant  el  al.  [1973].  For  details  of  the  format  of  electron 
spectrograms,  see  the  works  by  Winningham  el  al.  [1975]  and 
Lui  ei  al.  [1977],  We  define  the  equatorward  boundary  of  the 
auroral  oval  by  the  equatorward  edge  of  > 100-eV  electron 
precipitation  at  low  altitude  (<3500  km).  The  accuracy  of  the 
boundary  determination  is  approximately  0.1°  in  latitude.  The 
equatorward  boundary  of  the  diffuse  precipitation  is  a more 
convenient  parameter  with  which  to  express  the  size  of  the 
auroral  oval  than  the  position  of  discrete  auroras  [Lui  et  al., 
1975;  Kantide  and  Winningham.  1977],  It  should  be  noted, 
however,  that  the  auroral  breakup,  the  first  indication  of  the 
substorm  onset,  generally  occurs  along  the  equatorward 
boundary  of  the  belt  of  discrete  auroras  or  near  the  poleward 
edge  of  the  diffuse  aurora  [Akasofu,  1974);  thus  the  onset  of 
auroral  substorms  occurs  systematically  at  higher  latitudes 
than  are  indicated  in  this  paper. 

The  35 1 satellite  passes  had  to  meet  the  following  criteria  for 
the  purpose  of  our  study;  passes  occurred  during  dark  hours, 
IMF  data  were  available,  and  list  was  small  (in  order  to 
eliminate  the  possible  influence  of  large  storms).  The  observa- 
tions were  grouped  into  only  two  periods,  quiet  and  substorm, 
since  it  was  not  possible  from  available  information  to  assign, 
without  ambiguity,  the  phase  and  the  magnitude  of  substorms 
for  each  satellite  pass.  This  grouping  was  made  primarily  by 
examining  the  presence  of  a sharp  increase  of  the  A E index  and 
of  structured  discrete  auroral  precipitation;  the  typical  pattern 
of  the  spectrogram  corresponding  to  quiet  and  substorm  times 
was  given  by  H'ir.ningham  ei  al.  [1975],  We  also  carefully 
checked  individual  mugnetograms  whenever  it  was  necessary. 
For  46  cases,  however,  it  was  impossible  to  determine  the 
character  of  the  disturbances,  i.c.,  they  were  cither  substorms 
or  merely  minor  fluctuations.  These  cases  are  identified  as 
'uncertain'  in  Table  I, 


TABLE  I.  Summary  of  Conditions  During  the  351  Isis  Passes 
Used  in  This  Analysis 


Condition 

Percent  of  Passes 

Magnetic  local  time 

<2100 

2100-2300 

31  1 

2300-0100 

32.2 

0100-0300 

25  1 

>0300 

2.J 

Interplanetary  magnetic  field 

Northward  (8:  > 0) 

48.1 

Southward  (8:  < 0) 

5 I.C 

Toward  sector  (8v  > 0) 

50  7 

Away  sector  (8v  < 0) 

49  3 

Season 

Summer 

63  5 

Winter 

36  5 

Substonn  activitv 

Quiet  tune 

.1$  5 

Subslorm  in  progress 

4S4 

Uncertain 

13  1 

Occurrence  Prorariiitv 


(norttwordl  tMWWwrOrdl 

l -HR  WtRAGt  'MT  B,  («T) 

Fig.  I.  Histogram  showing  the  distribution  of  the  north-south 
component  (ft:)  of  the  interplanetary  magnetic  field  (IM  F)  in  the  data 
sample  from  351  Isis  satellite  passes.  Distributions  for  substorm  and 
quiet  times  are  distinguished  by  different  symbols,  ft:  value  represents 
the  average  value  for  a I -hour  period  preceding  the  time  of  the  satellite 
passage  over  the  auroral  region. 

In  order  to  express  systematically  IMF  conditions  we  have 
used  B:  values  (data  from  Explorer  33,  Explorer  35,  Imp  5, 
and  Imp  6)  in  solar  magnetospherie  coordinates  averaged  for  1 
hour  preceding  the  time  of  the  Isis  passage  over  the  cqua- 
torward  boundary  of  the  auroral  oval.  We  also  have  taken  into 
account  the  transit  time  for  the  IMF  signal  to  the  magneto- 
pause (at  A » 10  ftt)  by  assuming  the  solar  wind  speed  to  be 
400  Km/s. 

Uniformin'  of  Data 

The  choice  of  the  351  passes  was  based  solely  on  data 
availability.  However,  before  we  proceed  with  any  analysis,  it 
ts  important  to  examine  factors  which  might  influence  the 
substorm  probability  owing  to  the  nonuniformity  of  the  data 
sampling.  Factors  which  could  seriously  affect  the  results  arc 
uneven  sampling  in  magnetic  local  time  (MLT),  IMF  condi- 
tions, season,  and  substorm  activity.  Table  1 summarizes  the 
conditions  under  which  all  351  Isis  traverses  occurred.  The 
observations  appear  to  be  distributed  quite  uniformly  in  local 
time  in  the  dark  sector;  thus  the  present  data  sc;  allows  us  to 
make  a statistical  study  on  the  longitudinal  extent  and  varia- 
bility of  substorms.  The  IMF  conditions  do  not  seem  biased; 
the  data  arc  symmetrically  distributed  with  respect  to  B:  » 0 
as  seen  m Figure  I.  It  is  also  noted  that  the  IMF  data  acquisi- 
tion over  hcliographic  latitude  was  carried  out  quite  uniformly 
about  the  equator  |ef,  Coleman  and  Rosenberg,  1971],  A some- 
what uneven  distribution  can  be  found  in  terms  of  season,  but 
this  would  not  pose  a serious  problem.  Since  the  satellite 
orbital  characteristics  dictated  that  we  take  our  data  from  two 
different  seasons  (summer  and  winter),  the  data  set  cannot  be 
used  to  examine  the  dependence,  if  any,  on  a wide  range  of 
dipole  tilt  angles,  from  -35°  to  +35“  However,  as  was  shown 
by  Kamide  and  Winnmgham  [1977],  the  uneven  sampling  over 
the  tilt  angle  could  bias  the  results  only  slightly. 

There  arc  some  complications  involved  in  determining  sub- 
storm activity.  In  some  cases,  although  substorm  signatures 
were  observed  at  a midnight  magnetic  observatory,  the  Isis 
spectrograms  did  not  reflect  a typical  substorm  pattern,  a 
result  indicating  that  the  substorm-activated  region  did  not 
reach  the  Isis  local  tune  flic  category  ‘substorm  in  progress' 
m fable  I includes  such  cases  This  category  also  includes  the 
opposite  cases  m which  we  found  typical  substorm  precipi- 
tation patterns  without  am  indication  of  geomagnetic  activity 
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Fiji.  2.  Probability  of  substorm  time  (represented  by  the  heavy  line)  and  quiet  time  (represented  by  the  light  line)  as  a 

function  of  the  8:  value  of  the  IMF 


In  such  cases  we  interpreted  that  contracted  oval  substorms 
were  in  progress,  but  wx  could  not  identify  the  corresponding 
signatures,  owing  to  the  poor  coverage  of  ground  observa- 
tories. In  the  category  'uncertain,'  we  have  included  the  cases 
in  which  no  discrete  precipitation  was  found,  but  some  minor 
magnetic  fluctuations  were  found  in  high-latitude  magneto- 
grams.  The  category  'quiet  time'  was  defined  as  cases  in  which 
no  substorm  signature  was  noticed  in  any  available  data  set 
but  may  include  some  substorm  cases  which  were  beyond  the 
'field  of  view’  of  both  the  Isis  latitudinal  scan  and  the  ground 
observatory  network. 

Results 

Figure  1 presents  a histogram  of  the  distribution  of  all  the 
samples  in  terms  of  the  8:  component  of  the  IMF  with  differ- 
entiation for  different  substorm  categories.  When  all  351  cases 
are  considered,  it  is  striking  that  the  resulting  histogram  is 
similar  to  a Gaussian  distribution  with  the  peak  value  being 
around  6:  - 0,  In  contrast,  the  distribution  of  substorm 
samples  done  is  shifted  toward  the  southward  IMF  by  about  2 
nT,  and  the  peak  for  quid  cases  is  shifted  toward  the  north- 
ward IMF. 

In  Figure  2 we  show  the  frequency  (probability  of  observing 
substorms  and  quiet  times)  as  a function  of  the  IMF  8:, 
together  with  the  corresponding  uncertainty  as  indicated.  The 
probability  P (in  percent)  was  computed  as 

P » S T X 100 

where  5'  is  the  number  of  substorin  events  m every  1-uT 
interval  of  8:  and  T is  the  total  number  of  the  samples  in  the 
same  8:  interval.  For  every  2-uT  interval  of  8:  the  uncertainty 

\P  was  determined  from 

AT  (%)  *PX  1 1 (,VV  * 1 I '{TV  *|  (2V  * 

and  iA P is  also  given  in  Figure  2.  Note  that  since  the  Isis  data 
are  available  only  at  approximately  2-hour  intervals,  the  'sub- 
storm probability’  presented  here  could  more  accurately  be 


called  the  probability  of  substorm  observation  by  a low -energy 
electron  detector  on  a polar-orbiting  satellite. 

Two  points  are  v»orth  noting  in  Figures  I and  2.  First,  the 
substorm  probability  defined  above  increases  as  8:  decreases: 
however,  this  increase  docs  not  occur  in  a simple  way.  In  the 
range  8:  > 2 nT  the  probability  is  almost  constant  at  20-30%. 
It  then  increases  inonotonically  for  greater  southward  IMF, 
and  if  the  magnitude  of  the  southward  8;  is  larger  than  5 nT, 
the  substorin  probability  becomes  essentially  100%  Second, 
the  probability  of  observing  quiet  times  increases  with  an 
increase  of  8:  However,  it  docs  not  reach  100%  until  8: 
becomes  about  7 nT.  In  other  words,  substorms  can  often 
occur  even  during  northward  IMF  periods,  whereas  quiet 
tunes  are  seldom  observed  during  southward  IMF  periods. 
Some  indications  of  substorm  activity  are  almost  always  pres- 
ent during  periods  of  the  southward  IMF.  The  increase  of  the 
uncertainty  with  the  increase  of  the  IMF  magnitude  is  simply 
due  to  the  insufficient  number  of  cases  m such  ranges  pros  ided 
by  the  present  data  set  However,  geomagnetic  activity  is  very 
high  when  the  magnitude  of  the  southward  IMF  is  very  large, 
say,  8:  < 10  nT  [Perreault.  1074;  Russell  el  ill . 1974).  and  it 

is  extremely  quiet  when  the  northward  8:  is  very  large  ll 
should  be  noted  that  although  our  statistics  could  not  extend 
the  Mihstorm  probability  curxe  beyond  8:  * 1 nT  simply 
because  of  an  insufficient  number  of  samples,  it  is  most  likely 
that  th’’  probability  curxe  will  decrease  gradually  with  further 
increase  of  8:  It  should  eventually  reach  zero  near  8:  » 10 
r.T. 

Figure  3 shows  histograms  of  the  latitiidin.il  distribution  of 
the  equal orvvard  boundary  of  the  'MOO-cY  electron  precipi- 
tation determined  from  the  Isis  spectrograms  for  different 
local  times  The  oval  location  tends  to  shift  cquaiorwarxl  with 
advancing  local  tunc.  This  is  in  agreement  with  what  the 
auroral  oval  of  PeUstem  and  Start. or  [ Wrei]  predicts  Note 
that  the  occurrence  frequenev  of  the  auroral  oval  as  a function 
of  latitude  agrees  well  w itlt  the  results  ol  l.m  rt  al  (Id’S),  u ho 
examined  the  occurrence  of  the  optical  auroral  oval  along  i he 
midnight  liter idi.tn  Since  different  parameters  were  measured 
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Pig.  3.  Histogram  showing  the  distribution  of  the  invariant  lati- 
tude of  the  equatorward  boundary  of  the  nighiside  auroral  oval  at 
three  different  local  lime  sectors.  Distributions  for  substorm  and  quiet 
limes  are  distinguished  hy  different  symbols. 

(see  Kamide  and  IVinningham  [1977]  for  a detailed  discussion), 
our  data  extend  somewhat  more  toward  lower  latitudes  than 
theirs. 

Since  the  size  of  the  auroral  ova!  is  closely  related  to  the  B: 
component  of  the  IMF  (e.g..  Hoi: worth  and  Meng,  1975;  Ka- 
mide  and  Winningham.  1977],  substorm  probability  as  a func- 
tion of  oval  location  (in  latitude)  is  expected  to  correlate  well 
with  substorm  probability  as  a function  of  the  IMF.  The 
tendency  of  higher  substorm  frequency  in  lower  latitudes  can 
be  seen  in  Figure  3 at  all  local  time  sectors.  The  probability  of 
observing  substorms  along  the  expanded  oval  (e.g.,  <62"  in- 
variant latitude)  is  essentially  100%. 

We  must  be  careful  in  discussing  the  probability  of  substorm 
occurrence  on  the  basis  of  the  seeing  probability  obtained 
from  the  polar-orbiting  satellite  data  with  a 2-hour  orbital 
period  Although  our  original  data  arc  not  seriously  biased  by 
uneven  sampling  of  the  IMF  conditions,  it  would  not  be 
correct  to  state  unconditionally  that  there  is  a high  probability 
of  substorm  occurrence  when  the  IMF  is  directed  southward, 
and  vice  versa.  Along  these  lines,  three  factors  need  lo  be 
considered.  None  of  these  factors  is  necessarily  conclusive  per 
se,  but  when  they  are  combined,  we  conclude  with  a high 
degree  of  conlidencc  that  an  IMF  and  a latitudinal  dependence 
of  substorm  occurrence  probability  does  exist. 

1.  From  an  extensive  examination  of  electron  and  proton 
auroras,  Monlhriand  (1971 1 concluded  that  auroral  substorms 
occurring  during  periods  of  low  geomagnetic  activity  tend  to 
recover  faster  than  those  during  more  active  periods  Kamide 
and  Akasolti  [1974]  have  shown  statistically  that  weak  sub- 
storms, m terms  of  the  total  electrojet  current  (perhaps  corre- 


sponding to  Montbriand's  low  geomagnetic  activity),  occur 
along  the  contracted  auroral  oval  during  northward  IMF  peri- 
ods. Thus  it  is  likely  that  substorms  occurring  at  higher  lati- 
tudes recover  faster  than  ones  occurring  in  the  normal  auroral 
zone  or  along  the  expanded  oval.  Since  substorms  can  take 
place  anywhere  between  >70°  and  <60°  in  invariant  latitude 
[Kamidt  and  Akaso/u,  1974],  one  may  introduce  a ‘weight 
function’  over  latitude  (or  ine  IMF)  in  compensating  the  dif- 
ference of  lifetime  of  substorms.  If  this  could  be  done  properly, 
one  might  be  able  to  convert  the  substorm  seeing  probability 
to  the  ‘occurrence'  probability.  However,  even  if  it  is  assumed 
that  there  is  a difference  in  the  weight  function  by  a factor  of  2 
between  the  contracted  oval  substorms  and  expanded  oval 
substorms,  or  equivalently  between  the  northward  and  south- 
ward IMF  [see  Monthriand.  1971,  Figure  I],  the  converted 
occurrence  probability  would  not  significantly  change  out  re- 
sults shown  in  Figures  2 and  3.  That  is,  there  is  the  minimum 
size  of  the  auroral  oval  (and  the  corresponding  large  magni- 
tude of  the  northwurd  IMF)  along  which  a substorm  is  never 
generated,  and  there  is  some  si/e  of  the  oval  (and  the  corre- 
sponding southward  IMF  B:  value)  along  which  substorm 
features  arc  almost  always  present. 

2.  In  terms  of  the  longitudinal  extent  of  the  substorm- 
activated  area  seen  in  the  auroral  scanning  photometer  data, 
Lui  tt  al.  [1975]  classified  amoral  substorms  into  two  types: 
confined  and  widespread  Particle  data  taken  from  a narrow- 
band along  the  trajectory  of  a polar-orbiting  satellite  might  fail 
to  detect  some  substorms  which  occur  only  within  a limited 
longitudinal  extent  near  midnight.  That  is  to  say,  the  satellite 
trajectory  would  sometimes  fall  outside  the  substorm  region 
even  if  we  have  identified  substorm  activity  by  other  means.  If 
this  effect  were  indeed  serious,  we  would  have  a significantly 
different  result  in  the  substorm  seeing  probability  between 
midnight  and  earlier  (or  later)  local  time  hours.  However,  at 
least  within  the  local  time  sectors  we  examined  (2100-0300 
MLT),  there  is  no  marked  difference  in  terms  of  the  percentage 
of  «ubstorm  cases  over  latitude  (see  Figure  3). 

3.  It  may  well  be  that  some  of  the  cases  which  were  identi- 
fied as  uncertain  or  quiet  time  in  fact  occurred  during  weak 
substorms.  The  kititudinal  pattern  of  the  auroral  electrons 
could  oe  different  than  that  of  the  ‘normal’  substorms.  How- 
ever, the  cases  we  determine  as  substorm  in  progress  can  never 
be  quiet  times.  If  there  were  no  latitudinal  dependence  of  the 
substorm  occurrence  probability,  then  the  seeing  probability 
would  be  lOOS  everywhere.  This  cannot  be  the  case,  since  it  is 
unlikely  that  there  was  always  substorm  activity  or  that  all  the 
351  randomly  selected  satellite  passes  occurred  during  periods 
of  substorm  m progress. 

On  the  basis  of  these  considerations  it  may  be  concluded 
that  there  is  indeed  a latitudinal  and  IMF  dependence  of  the 
substorm  occurrence  frequency. 

Aurorm.  Substorms  At  on«  rut 
Alaska  Mirioian 

In  this  section  we  provide  further  support  for  the  conclusion 
concerning  substorm  probability,  reached  in  the  previous  sec- 
tion, on  the  basis  of  a statistical  examination  of  a different  data 
set.  yi/  . 63  substorms  observed  m auroral  photographs  from 
the  Alaska  meridian  chain  of  all-sky  cameras.  Akaso/u  et  al 
(1973)  claimed  that  most  previous  studies  of  substorm  occur- 
rence were  based  on  an  examination  of  geomagnetic  records 
and  thus  suffered  seriously  from  an  inevitable  inaccuracy  in 
tuning  and  substorm  identification.  By  the  use  of  the  auroral 
breakup  and  the  subsequent  poleward  motion  of  an  auroral 
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Fig.  4 Histogram  showing  the  distribution  of  the  north-south  component  of  the  IMF  in  the  sample  of  63  auroral 
substorms  obtained  from  the  all-sky  camera  data  along  the  Alaska  meridian. 


arc  in  the  midnight  sector  (Akaso/ti,  1964]  we  can  determine 
the  onset  time  T = 0 with  an  accuracy  of  ±2  min,  as  well  as  the 
latitude  at  which  the  first  indication  of  the  substorm  onset 
occurs.  Unlike  the  data  from  a polar-orbiting  satellite,  the  all- 
sky camera  records  arc  available  on  a continuous  basis,  al- 
though they  provide  data  only  in  a limited  longitudinal  span. 

Akasoju  et  til  (1973)  have  found  that  auroral  substorms  are 
quite  common  even  when  the  B:  component  of  the  IMF  is 
positive,  a finding  implying  that  there  is  little  or  no  dependence 
of  substorm  occurrence  probability  on  the  IMF  orientation. 
However,  two  important  questions  remain  unanswered.  First, 
they  examined  the  IMF  data  in  solar  ecliptic  coordinates  only 
at  approximate  onset  time,  whereas  it  may  have  been  more 
appropriate  to  use  an  integrated  IMF  value  in  solar  magneto- 
spheric  coordinates  over  a certain  period,  say,  I hour,  rather 
than  an  instantaneous  value  Second,  their  'quite  common'  is 
not  quantitatively  clear.  Thus  it  is  important  to  find  the  sub- 
storm  occurrence  frequency  as  functions  of  IMF  values  and 
latitude  of  the  auroral  breakup. 

The  basic  data  set  we  will  use  in  this  section  is  essentially  the 
same  as  the  54  auroral  substorms  examined  by  Akasofu  et  al. 
(1973),  in  which  10  substorms  were  presented  as  examples. 
Here  w e increase  the  number  of  substorm  samples  to  6.3  which 
arc  distributed  in  late  evening  and  midnight  hours  between 
2140  and  0140  MLT.  Those  substorms  were  identified  from 
all-sky  camera  data  at  College  (invariant  latitude,  64.9°),  Fort 
Yukon  (66.8°),  Inuvik  (71,0°),  Bar  I (70.8°).  and  Sachs  Har- 
bor (76.2°).  The  corresponding  IMF  data  from  Imp  3,  Imp  5, 
Explorer  33.  Explorer  35,  and  Heos  I were  also  examined.  To 
be  consistent  with  the  previous  test,  an  average  of  the  6: 
component  for  I hour  preceding  each  onset  time  was  calcu- 
lated in  solar  magnetospheric  coordinates.  We  have  identified 
substorms  in  the  interval  of  1966-1970.  when  all-sky  camera 
records  from  at  least  two  stations  were  available.  The  data 
availability  at  each  station  is  limited  by  several  factors  such  as 
mechanical  problems,  local  weather,  full  moon,  and  data  qual- 
ity. Nevertheless,  our  data  samples  are  not  seriously  biased  in 
the  sense  that  a single  all-sky  camera  can  identify  accurately 
the  location  of  a substorm  onset  which  occurs  within  at  least 
±3°  latitude.  All  63  substorm  events  were  taken  from  periods 
when  the  latitudinal  range  from  61°  to  70°  was  completely 
monitored  by  the  all-sky  camera  network. 

Figure  4 shows  the  distribution  of  all  the  samples  as  a 
function  of  the  IM  F B:  component  It  is  noted  that  the  peak  of 
the  occurrence  in  this  particular  data  set  is  not  located  at  B:  = 


0 but  is  shifted  a few  nanoteslas  toward  the  negative  B:, 
indicating,  as  expected,  that  more  substorms  tend  to  be  found 
during  southward  IMF  periods.  This  feature  is  in  agreement 
with  the  distribution  of  the  hatched  area  of  Figure  I,  although 
the  dependence  of  the  number  of  substorm  cases  on  the  IMF 
in  Figure  4 is  not  very  clear  in  comparison  with  Figure  I.  We 
believe  that  the  uneven  slope  is  simply  due  to  the  insufficient 
data  set  used  in  constructing  Figure  4.  A somewhat  peculiar 
feature  in  Figure  4 is  that  two  substorms  are  identified  in  the 
high-#;  range,  whereas  no  substorm  was  found  in  the  B:  range 
to  be  greater  than  7 nT  in  the  set  of  the  351  Isis  scans. 
However,  these  two  events  occurred  under  unusual  states  of 
the  IMF;  in  both  cases,  |tf|  * 14  nT.  In  fact,  these  substorms 
were  observed  during  the  initial  and  recovery  phases  of  mag- 
netic storms,  although  the  corresponding  Dst  magnitude  was 
not  very  large  (-7  and  -35  nT,  respectively). 

In  Figure  5 we  show  the  distribution  of  the  same  data 
samples  over  invariant  latitude,  which  indicates  the  location  of 
the  auroral  arc  that  showed  the  first  indication  of  the  breukup. 
In  most  cases  the  breakup  occurred  along  the  southernmost 
arc  of  a preexisting  group  of  discrete  arcs.  The  latitudinal 
distribution  ol  all  auroral  arcs  during  quiet  and  substorm 
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Fig  5 Histogram  showing  the  distribution  of  invariant  latitude  of 
63  auroral  breakups  The  dashed  curve  represents  the  occurrence 
frequency  of  the  southernmost  discrete  auroral  arcs  at  midnight  for  all 
cases  including  substorm  and  quiet  tunes  obtained  from  DMSP  satel- 
lite observations  (B  S Dandekar.  personal  communication.  1977) 
The  dislribu'-on  of  the  equalorward  boundary  of  the  auroral  oval 
obtained  from  Isis  satellite  observations  is  also  indicated  by  the  solid 
curve  (transferred  from  Figure  3 by  shifting  1°  poleward) 
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periods  is  shown  by  two  curves  in  Figure  5.  The  dashed  curve 
represents  the  observational  frequencies  of  the  southernmost 
auroral  arc  near  midnight  at  the  corresponding  latitude,  which 
were  obtained  from  more  than  7000  northern  hemisphere  arcs 
•seen  in  the  DMSP  satellite  imagery  (B.  S.  Oandekar,  personal 
communication,  1977).  Note  that  since  the  location  was  deter- 
mined from  randomly  selected  satellite  passes,  some  of  them 
occurred  during  substorms  and  some  occurred  during  quiet 
periods  The  solid  i>nc  "'as  transferred  from  our  Figure  3 
(2300-0100  MLT)  by  smoothing  the  uneven  distribution  and 
by  shifting  it  poleward  by  1°.  The  shift  was  made  on  the  basis 
of  the  fact  that  in  the  Isis  data  we  identified  the  equatorw'ard 
boundary  of  the  diffuse  auroral  precipitation  which  can  usu- 
ally be  found  0.5°-2°  equatorward  of  the  southernmost  dis- 
crete arc  (e.g.,  Winningham  et  a!..  1975].  These  two  curves 
agree  surprisingly  well  with  each  other,  the  agreement  sub- 
stantiating our  assumption  that  these  curves  represent  reason- 
ably well  the  occurrence  frequency  of  all  discrete  auroral  arcs 
over  invariant  latitude. 

Comparing  the  distribution  of 'all'  arcs  including  quiet  time 
arcs  with  those  of  arcs  associated  only  with  substorms,  we  find 
that  there  is  a significant  departure  of  the  substorm  time 
auroral  distribution  from  the  distribution  of  all  arcs  for  lati- 
tudes greater  than  65°.  On  the  other  hand,  the  substorm 
auroral  distribution  does  not  deviate  systematically  from  the 
all  arc  distribution  below  64°  latitude.  These  features  indicate 
that  only  a part  of  higher-latitude  arcs  indicates  the  initial  sign 
of  the  breakup  (about  50%  at  67°),  whereas  there  is  a high 
probability  of  substorm  features  if  the  aurora  moves  equa- 
torward below  64°.  Note  that  there  was  no  all-sky  camera 
station  south  of  College  (64.9°),  so  that  we  missed  some  sub- 
storms  occurring  below  61°. 

Discussion 

In  this  paper  the  dependence  of  substorm  occurrence  proba- 
bility on  the  direction  of  the  IM  F and  on  the  size  of  the  auroral 
oval  was  investigated.  The  occurrence  probability  was  based 
on  the  substorm  seeing  probability,  which  was  obtained  statis- 
tically from  the  two  independent  data  sets:  the  latitudinal 
electron  precipitation  pattern  observed  by  the  Isis  satellites 
and  the  auroral  breakup  observed  by  all-sky  cameras  at  the 
Alaska  meridian.  Since  the  real  occurrence  probability  can 
only  be  determined  from  continuous  monitoring  of  the  emire 
polar  region,  uny  set  of  measurements  made  by  a polar-orbit- 
ing satellite  with  a 2-hour  orbital  period  and  by  a network  of 
ground  observatories  only  for  limited  periods  must  be  care- 
fully examined.  The  statistics  of  the  measurements  might  be 
influenced  by  uneven  sampling  in  the  IMF  and  invariant  lati- 
tude in  conjunction  with  substorm  activity.  Further,  it  was  not 
possible  to  deduce  a smoothed  probability  over  the  IMF  and 
latitude  because  of  an  insufficient  volume  of  data.  However, 
the  conclusions  derived  from  this  study  are  still  valid,  since 
there  are  some  consistent  characteristics  in  the  two  separate 
sets.  In  addition,  some  features  in  our  data  are  very  similar  to 
those  in  a fairly  large  volume  of  other  data,  such  as  the 
location  of  auroral  arcs  determined  by  B.  S.  Dandekar  (per- 
sonal communication,  1977)  from  over  7000  DMSP  satellite 
passes.  Thus  we  believe  that  an  increase  in  the  number  of  data 
samples  would  only  decrease  the  magnitude  of  uncertainty  and 
produce  relatively  minor  quantitative  changes  in  the  substorm 
occurrence  probability. 

Subject  to  these  provisions,  we  have  reached  the  important 
conclusion  that  the  substorm  occurrence  frequency  has  a 
strong  dependence  on  the  north-south  component  of  the  IMF 


and  on  the  size  of  the  auroral  oval  (i.e.,  the  size  of  the  polar 
cap).  This  dependence  on  the  oval  size  is  not  unexpected,  since 
the  auroral  oval  Size  is  a measure  of  magnetic  flux  in  the 
magnetotail,  and  thus  an  increase  in  the  amount  of  the  magne- 
totail energy  should  result  in  an  increase  of  substorm  probabil- 
ity. Therefore  on  combining  the  results  obtained  in  the  present 
study  with  earlier  results  by  Kamide  and  Akasofu  (1974]  it 
appears  that  both  the  intensity  and  the  occurrence  frequency 
increase  with  the  expansion  of  the  auroral  oval.  . 

During  the  last  several  years,  one  of  the  most  important 
topics  in  magnetospheric  physics  has  been  the  role  of  the 
north-south  component  of  the  IMF  on  substorm  processes. 
Dungey's  [1961]  suggestion  that  the  southward  directed  IMF 
plays  a crucial  role  in  generating  magnetospheric  substorms 
has  been  claimed  to  have  been  confirmed  by  a number  of 
studies  (e.g.,  Fairfield  and  Cahill,  1966:  Rosioker  ei  al..  1972: 
Arnotdy.  1971].  However,  most  of  these  studies  were  based 
solely  on  an  examination  of  ground-based  magnetic  records 
from  standard  auroral  zone  observatories  (or  geomagnetic 
activity  indices)  and  the  north-south  component  of  the  IMF. 
Akasofu  et  al.  ( 197 1 J showed  that  fairly  intense  substorms 
often  occur  beyond  the  field  of  view  of  standard  observatories. 
From  these  two  observations  it  was  not  difficult  to  infer  that 
when  the  IMF  is  directed  northward,  substorms  could  take 
place  along  the  contracted  auroral  oval  during  quiet  (in  terms 
of  available  magnetic  activity  indices)  periods  and  thus  out  of 
the  range  of  the  normally  used  auroral  zone  observatories.  In 
fact,  this  inference  was  shown  to  be  correct  by  Akasofu  el  al. 
[1973],  who  indicated  that  there  is  no  single  IMF  signature 
(such  as  the  southward  turning)  that  can  be  consistently  re- 
lated to  the  substorm  onset.  Then  Kamide  [1974]  showed  that 
substorms  associated  with  the  northward  IMF  are  less  intense 
in  terms  of  the  total  electrojet  current  and  the  corresponding 
mid-latitude  magnetic  perturbations  than  substorms  associ- 
ated with  the  southward  IMF. 

MePherron  el  al.  [19736]  have  suggested  that  one  should 
distinguish  these  weak  substorms  occurring  during  northward 
IMF  periods  by  calling  them  'localized'  substorms.  Thus  the 
normal  substorms  along  the  standard  auroral  zone  would  have 
a strong  association  with  the  southward  directed  IMF.  As  was 
mentioned  earlier,  such  localized  substorms  do  not  differ  from 
the  normal  substorms  in  their  characteristics.  First,  in  the 
vicinity  of  the  auroral  breakup  every  substorm  feature,  such  as 
the  poleward  expansion,  the  westward  traveling  surge,  Pi  2 
pulsations,  and  a sharp  onstt  of  negative  H component  excur- 
sion, is  observed  during  both  localized  and  normal  substorms. 
Second,  statistically,  there  is  no  distinct  line  to  draw  between 
the  localized  and  normal  substorms  in  terms  of  electrojet  and 
mid-latitude  magnetic  response  ( Kamide  and  Akasofu.  1974], 
The  auroral  breakup  can  occur  anywhere  between  >60°  and 
<70°  geomagnetic  latitude,  depending  chiefly  upon  the  IMF 
condition  prior  to  a particular  substorm  event.  Third,  the 
localized  substorms  can  occur  isolated  from  the  normal  sub- 
sequent substorm.  although  it  has  been  argued  that  they  are 
often  found  in  the  'growth  phase’  prior  to  a normal  substorm. 

Akasofu  [1975]  has  suggested  that  the  quantity  defined  by 


has  a fundamental  importance  in  substorm  processes,  where 
4>i>  and  4>,v  denote  the  production  rate  of  open  field  lines  along 
the  davside  neutral  line  and  of  closed  field  lines  along  the 
mghtside  neutral  line,  respectively  S is  equal  to  the  amount  of 
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an  excess  magnetic  flux  at  a time  t reckoned  from  the  time 
when  the  Bz  component  of  the  IMF  begins  to  decrease  after  a 
prolonged  period  of  a large  positive  IMF  Bz.  Indeed,  Akasofu 
and  Kamide  [1976]  have  shown  that  the  electrojet  energy  for 
each  substorm  has  a close  relation  to  the  IMF  state  which 
controls  the  amount  of  S.  Akasofu  [1975]  noted  that  substorms 
occur  so  long  as  5 > 0 regardless  of  the  sign  of  the  Bz 
component  of  the  IMF.  This  agrees  well  with  our  statistical 
results  presented  in  this  paper;  the  substorms  can  be  observed 
at  any  value  of  the  IMF  and  the  size  of  the  oval,  except  for  the 
value  corresponding  to  the  state  S = 0.  Thus  it  may  well  be 
that  the  situation  S = 0 corresponds  to  the  ‘ground’  state 
[Bratenah!  et  al.,  1976]  in  which  a substorm  never  occurs.  The 
work  of  Akasofu  and  Kamide  [1976]  has  implied  that  the 
minimum  size  of  the  auroral  oval  is  located  near  72°  geomag- 
netic latitude  at  midnight. 

Our  statistical  results  somewhat  restrict  our  options  in  seek- 
ing generation  mechanisms  for  niagnetospheric  substorms. 
Our  results  indicate  that  substorms  do  not  occur  with  an  equal 
probability  for  different  values  of  the  IMF  Bz  component  or 
for  different  sizes  of  the  auroral  oval.  Since  the  magneto- 
spheric  substorm  can  be  considered  as  a process  by  which  the 
magnetosphere  tends  to  remove  sporadically  the  excess  energy 
in  the  magnetotail,  the  results  obtained  in  this  paper  indicate 
that  the  substorm  occurrence  probability  is  closely  related  to 
the  amount  of  energy  stored  in  the  magnetotail.  This  con- 
clusion implies  that  the  triggering  mechanism  has  something 
to  do  with  an  increase  in  the  stored  energy.  It  is  interesting  to 
note  that  once  a substorm  has  begun,  the  p'ucess  does  not 
always  continue  until  al'  the  available  free  energy  is  depleted. 
Some  mechanisms  tend  W.  suppress  further  development  of  the 
substorm  [ Atkinson , 1966],  In  such  a case  the  energy  released 
during  the  substorm  does  not  reach  a maximum  intensity 
commensurate  with  the  size  of  the  auroral  oval.  It  is  highly 
bable  that  a subsequent  substorm  could  occur  to  release 
ne  remaining  energy  ( Kamide  et  al.,  1977], 

Finally,  it  may  be  noted  that  although  the  use  of  a different 
lengtn  of  time  (say.  30  min,  45  min,  or  1 .5  hours)  to  obtain  the 
average  of  the  IMF  has  not  been  found  to  alter  the  essentials 
of  our  results,  time  variations  of  the  IMF  in  individual  sub- 
storm  occurrences  could  be  more  important  than  u.*  average 
Bz  values. 
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A comprehensive  study  of  growth  phase  and  substorm  activity  following  a period  of  magnetic  calm  has 
been  conducted  through  a network  of  all-sky  camera  stations,  auroral  rone  magnetic  observatories,  and 
particle  detectors  aboard  the  Isis  I satellite.  We  have  carefully  documented  the  observations  with  the 
following  results.  The  preexpansive  phuse  arc  which  extended  at  least  from  1 7 to  05  M LT  was  responsible 
for  an  energy  input  rate  of  =»3  x 1C-  ergs/s  before  breakup  An  equatorward  drift  of  this  arc  of  6 
km/min,  observed  only  in  the  evening  sector,  remained  until  after  the  expansive  phase,  when  its  motion 
stopped  abruptly  at  the  time  of  the  maximum  poleward  displacement  of  the  arcs.  Electrons  responsible  for 
the  prebreakup  arc  had  energies  of  =»  1-5  keV.  Protons  of  =»4-kcV  energy  were  measured  equatorward  of 
the  electron  arc.  During  the  expansive  phase,  symmetrically  traveling  disturbances  were  observed  propa- 
gating eastward  in  the  evening  sector  and  westward  in  the  morning  sector.  The  propagation  stopped  for 
1-2  min  at  the  time  of  maximum  expansion  and  then  continued,  thus  suggesting  a momentary  variation  in 
the  rate  of  convection.  Equivalent  currents  consistent  with  observed  magnetic  perturbations  represented 
approximately  the  same  DPZ  (twin  vortex)  pattern  before  the  expansive  phase  as  during  it.  however, 
although  the  magnitude  of  the  currents  was  greater  during  the  expansive  phase,  the  dominant  feature 
during  this  phase  was  an  intense  westward  auroral  elcctrojet  The  camera  observations  of  diffuse  cloudlikc 
aurora  showed  an  injection  of  =*40-keV  electrons  during  the  expansive  phase  along  the  auroral  oval 
between  midnight  and  0400  corrected  geomagnetic  time  Movement  of  the  cloud  indicated  an  eastward 
gradient  drift  of  the  electron  population. 


Introduction 

On  the  basis  of  data  from  an  extensive  body  of  all-sky 
camera  documentation  and  polar  magnetograms,  Akasofu 
[1964]  outlined  the  substorm  sequence  Although  his  initial 
description  has  been  modified  slightly  {Akasofu,  1968;  Mont- 
briand.  1971],  it  remuins  essentially  correct  in  ordering  the 
observed  geophysical  phenomena  into  a consistent  picture. 
Since  that  time  an  enormous  effort  has  gone  into  further 
documenting  substorm-related  phenomena  and  into  estab- 
lishing the  cause  of  the  onset  of  the  substorm  expansive  phase 
(see  review  by  Rostoker  [1972]).  Whereas  in  Akasofu’s  descrip- 
tion the  substorm  sequence  is  initiated  by  the  sudden  breakup' 
of  an  auroral  arc  accompanied  by  a steep  decrease  of  the 
horizontal  component  of  the  magnetic  field,  it  was  claimed  by 
McPherron  [1970]  that  the  complete  substorm  sequence  in- 
cludes a disturoance  period  which  he  denoted  the  substorm 
growth  phase.  According  to  his  statement,  intervals  of  mag- 
netic calm  may  be  followed  by  significant  deviations  of  the 
horizontal  component  of  the  magnetic  field  prior  to  the  start  of 
the  expansion  phase  of  a magnetospheric  substorm. 

Since  McPherron's  suggestion  that  a growth  phase  exists, 
several  authors  [lijuna  and  Sagala.  1972,  McPherron  el  al. 
1973.  Kokubun and lijmia.  1975]  (and  others)  have  contributed 
to  the  study  of  the  phenomenon  by  giving  more  detailed  de- 
scriptions of  the  signatures  which  are  observed  to  be  character- 
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islic  of  that  situation.  The  authors  appear  to  agree  in  the 
opinion  that  the  onset  of  an  isolated  substorm  is  preceded  by  a 
growth  phase,  which  is  closely  related  to  the  north-to-south 
change  of  the  interplanetary  magnetic  field  (IMF),  following  it 
with  a delay  of  10-20  min.  The  signatures  of  this  growth  phase 
observed  on  the  ground  are  the  following:  a gradual  decrease 
in  H,  the  horizontal  magnetogram,  at  auroral  zone  stations 
before  its  sharp  drop;  a gradual  decrease  in  //  at  low  latitudes 
(especially  in  the  evening-midnight  sector);  the  growth  of  a 
polai  equivalent  current  of  the  twin  vortex  mode  (especially  in 
the  polar  cap);  and  the  equatorward  motion  of  auroras  IKoktt- 
bun  and  lijimu.  1975). 

In  opposition  to  the  above  mentioned  view,  Akasofu  et  til. 
[19)3]  have  suggested  that  the  changes  in  the  magnetic  field 
characteristic  of  the  growth  phase  have  limited  significance, 
since  these  changes  do  not  themselves  result  in  the  onset  of  the 
expansive  phase  They  suggested  instead  that  the  mechanism 
which  triggers  the  expansive  phase  is  an  internal  one,  largely 
independent  of  external  factors  related  to  convection  such  as 
the  southward  turning  of  the  interplanetary  magnetic  field  In 
continuation  of  this  suggestion,  Akasofu  [1975]  has  demon- 
strated that  the  southward  turning  of  the  O,  component  and 
the  subsequent  chain  of  processes,  proposed  by  McPherron  et 
ul  [1973],  do  not  have  any  significance  in  causing  the  ex 
pansive  phase  Substorms  are  frequently  being  triggered  in 
direct  relation  to  such  a chain  of  processes,  in  which  the 
‘growth  phase’  of  the  substorm  may  then  appear  as  part  ol  the 
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TABLE  L Stations  Used  in  This  Study 


Station 

Symbol 

Geographic 

Corrected 

Geomagnetic 

Latitude, 

°N 

Observation 

Latitude, 

deg 

Longitude, 

deg 

Alert 

AT 

82.5 

295.5 

86 

M 

Thule 

TH 

77.S 

290.8 

86 

A.M 

Resolute  Bay 

RB 

74,7 

265.2 

84 

M 

Godhavn 

GO 

69,2 

306.5 

77.5 

A.M 

Ny  Aalvsuml 

78  9 

H 9 

75.5 

A 

Sdndre  StrdmQord 

SS 

67,0 

309.2 

75.5 

A 

Baker  Luke 

Bl. 

64  3 

264.0 

75 

M 

Hciss  Maud 

HT 

80.6 

58.5 

74.5 

M 

Fori  Churchill 

F'C 

58.8 

265  9 

71 

A 

Narssarssuaq 

NAR 

61.2 

314.6 

68 

A,  M 

Great  Whale  River 

GW 

55,3 

282,2 

68 

A.M 

Dixon  Island 

Dl 

73.5 

80.4 

67  5 

M 

Tromsg 

TR 

69,7 

189 

66.5 

A.M 

Reykjavik 

RY 

64.2 

338.3 

66 

M 

Tixi  Buy 

T! 

71.6 

129.0 

65 

M 

Murmansk 

MM 

69.0 

33.1 

64.5 

S.M 

Ktruna 

Kl 

67.8 

20  4 

64.5 

M 

College 

CO 

64.9 

212,2 

64  5 

M 

Mennook 

ME 

54.6 

24th 

64 

M 

Welle  n 

WE 

66.2 

190,2 

60 

M 

Lerwick 

t.F 

60.1 

358  8 

59 

M 

Bangui 

BA 

4.4 

18.6 

5 

M 

M'Bour 

MB 

14.6 

1430 

:i 

M 

San  Juan 

SJ 

18. t 

293.8 

30 

M 

Fredericksburg 

FR 

38  2 

282.6 

50 

M 

fueson 

ru 

32,2 

249  2 

40 

M 

Honolulu 

HO 

21  T 

202  0 

21 

M 

complete  substorm  picture.  However,  they  may  as  well  be 
released  at  a later  stage,  after  the  end  of  the  B,  negative 
interval,  as  long  as  the  area  of  the  polar  cap  is  greater  than  a 
certain  minimum  value,  namely,  the  area  after  a prolonged 
period  of  large  positive  B,.  Once  the  polar  cap  has  achieved 
this  minimum  value,  no  substorm  can  be  released  until  a new 
southward  turning  of  the  IMI  has  initiated  erosion  of  held 
lines  on  the  daysidc  of  the  magnetosphere  with  the  accom- 
panying features  of  increasing  convection,  observable  from 
ground-based  observatories. 

No  matter  whether  the  growth  phase  is  an  integral  part  of 
the  substorm  phenomenon,  as  proposed  by  Mcl’hcrron,  or 
more  likely  an  independent  B,  negative,  increased  convection 
phenomenon  in  accordance  with  the  statements  of  Ahasofu, 
there  is  still  a need  for  further  detailed  study  of  the  develop- 
ment of  the  geomagnetic  and  auroral  activity  observed  ar'Tr 
the  southward  turning  of  the  IMF. 

On  February  25,  1169,  the  Isis  I satellite  happened  to  pass 
over  the  premidnight  sector  of  the  auroral  oval  during  a 
geophysical  situation  which  appears  to  have  been  identical 
with  the  substorm  growth  phase  defined  by  Mcl’hcrron  l ive 
event  followed  a period  of  low  substorm  activity,  charac'erircd 
by  v allies  of  4 E less  than  200  y during  the  34  hours  before  the 
substorm  and  less  than  60  y during  the  last  6 hours  By 
combining  the  satellite  particle  measurements  with  ground- 
based  observations  we  have  been  able  to  report  m the  follow- 
ing a careful  documentation  of  the  development  of  the  auroral 
and  magnetic  activity  through  the  growth  phase  and  the  sub- 
sequent substorm  onset  and  cvpansion  phase  as  well  as  of  the 
panicle  precipitation  preceding  the  substorm  onset  Our  ob- 
servations give  a detailed  picture  of  the  gradual  development 
of  auroral  and  geomagnetic  activity  which  follows  the  south- 
ward turning  of  the  interplanetary  magnetic  field  and  w Inch,  in 


this  particular  event,  is  completed  by  me  onset  of  a substorm 
with  remarkable  poleward  expansion. 

Dai  a Sources 

In  our  study  we  made  use  of  ground-based  observations 
made  during  the  event  at  the  stations  listed  in  Table  I,  together 
with  particle  measurements  from  the  Isis  I satellite  and  mag- 
netic field  measurements  from  the  satellites  Explorer  35  and 
Ilcos  I.  The  ground-based  observations  are  amoral  all-sky 
photographs  (A  in  column  6 of  Table  I),  spectrograms  (S  in 
column  6k  and  geomagnetic  records  (M  in  column  6) 

The  interplanetary  magnetic  (ield  w as  measured  by  the  satel- 
lites Explorer  35  in  the  evening  quadrant  ((.V,  V,  Zks  * (-8, 
+63,  -61)  H i)  and  Heos  I in  the  forenoon  quadrant  ((.V,  F, 
Zh.-M  “(II,  -31, 14)  B-).  Both  satellites  appear  to  have  been 
outside  the  shock  front.  None  of  the  records  was  complete, 
thus  detailed  results  from  Heos  l are  missing  during  0000-0300 
UT,  but  hourly  averages  do  exist  for  this  interval  [King.  W5| 
Similarities  of  gross  features  of  the  fl,  variation  at  the  two 
satellites  indicate  a time  lag  between  them  of  about  30  turn. 
Front  the  position  of  the  satellites  it  is  estimated  then  that  the 
B,  variations  at  the  front  of  the  magnetopause  occur  15-17 
mm  earlier  than  those  at  Heos  I.  Hence  the  B,  variations 
observed  at  Heos  I have  been  referenced  to  the  front  of  the 
magnetosphere  by  a shift  of  15  min  toward  earlier  hours  in 
Figure  I they  have  been  shown  together  with  magnetic  records 
from  the  stations  Tromxd,  Reykjavik,  Narssarssuaq.  Cueat 
Whale  River,  and  Fort  Churchill,  which  were  all  situated  in 
the  18-04  magnetic  time  sectoi  of  the  auroral  /one  In  the 
tigure  the  stations  arc  ordered  from  east  to  west  lach  arrow 
represents  200  y l he  magnetic  II  records  from  a number  ol 
mid-  and  low-latitude  stations  are  shown  in  1 igure  2 1 he 
stations  are  oidcrcd  from  east  to  west,  with  the  most  easteilv 
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Fig.  I.  Normal  magnetograms  from  the  auroral  zone  stations 
Tromsjt,  Reykjavik  Narssarssuaq,  Great  Whale  Rivti,  anti  Fort 
Churchill,  February  24-25,  1969.  Each  arrow  represents  a ‘variation  of 
200  y.  The  dots  indicate  station  geomagnetic  midnight.  Top  curve:  B, 
(vertical  GSM  coordinate)  as  measured  ut  Meos  I,  referenced  to  the 
front  of  the  magnetosphere  by  t;  shift  of  15  min  toward  earlier  hours. 


one  (Bangui)  at  the  top  of  the  figure.  Each  arrow  in  the  figure 
represents  20  y. 

At  the  time  of  the  substorm  the  nightside  of  the  auroral  zone 
was  situated  between  western  Siberia  in  the  east  and  North- 
west Territories  in  the  west,  with  the  magnetic  midnight  meri- 
dian crossing  the  lceland-Greenland  area.  Conditions  were  not 
ideal  for  auroral  observations.  The  moon  was  in  its  third 
quarter;  the  Soviet  cameras,  Reykjavik,  Kiruna,  and  several 
stations  in  Greenland  were  not  in  operation  because  of  bad 
weather,  and  most  of  the  remaining  stations  had  some  cloud 
cover  early  in  the  evening.  Nevertheless,  eight  well-distributed 
cameras  were  available  for  a study  of  the  development  of  the 
auroral  display  in  the  course  of  the  night  (Table  1 and  Figure 
3).  At  each  of  the  stations  the  sky  was  photographed  with  one 
exposure  per  minute  except  at  Tromsd,  where  three  exposures 
per  minute  were  taken.  The  photographs  have  been  used  as  a 
basis  for  the  description  of  the  distribution  of  the  aurora;  a 
selected  series  has  been  transformed  to  synoptic  maps  in  geo- 
graphical coordinates,  shown  here  as  Figures  4<i  and  46.  In 
projecting  the  auroral  forms  on  the  maps  a mean  height  of 
110-120  Lm  has  been  assumed  for  the  lower  border  of  the  arcs 
and  bands. 


The  IMF  had  been  directed  northward  for  several  hours 
when  the  decrease  of  B,  began  between  2200  and  2300  UT. 
Because  of  the  oscillatory  character  of  the  change  it  is  difficult 
to  determine  the  exact  hour  when  B,  went  negative;  after 
2345-2350,  B,  was  definitely  negative.  The  first  departure  from 
several  hours  of  magnetic  quiet  was  observed  at  approximately 
the  same  time,  i.e„  at  2345-0015  at  the  auroral  zone  stations 
situated  near  and  shortly  after  magnetic  midnight  (Figures  1 
and  5),  The  departure  is  seen  as  a gradual  decrease  of  H , but  D 
and  Z are  also  affected.  In  the  evening  sector.  Great  Whale 
and  Fort  Churchill  were  little  influenced  by  the  disturbance 
before  0100  UT  (Figures  I and  6),  At  the  low-latitude  stations 
situated  in  the  evening  sector  a gradual  decrease  of  H set  in 
between  0000  and  0030  UT  and  continued  until  the  expansive 
phase  onset  at  0130.  The  onset  is  recognized  as  a sudden 
decrease  of//  in  Figure  1.  In  Figure  2 it  appears  as  the  onset  of 
a positive  bay  in  the  midnight  sector  and  of  a negative  bay  of 
comparable  magnitude  in  the  evening-afternoon  sector.  The 
transition  takes  place  near  the  longitude  of  San  Juan.  At  San 
Juan  a flat  depression  is  observed  from  shortly  after  midnight 
to  0300  UT,  with  only  a small  negative  perturbation  to  be  seen 
in  connection  with  the  expansion  phase  of  the  substorm.  The 
gradual  decrease  of  //  at  mid-  and  low-latitude  stations  as  well 
as  the  flat  depression  observed  ut  San  Juan  may  be  caused  by 
an  increase  of  a cross-tail  or  ring  current  system,  which  be- 
comes detectable  in  the  records  about  | hour  after  the  change 
of  sign  of  B,. 

The  magnetic  signatures  of  this  event  ure  in  agreement  with 
the  description  given  by  McPhtrrm  |I970],  Following  a de- 
crease of  B,  to  negative  values  a growth  phase  of  about  lj-houi 
duration  is  observed,  characterized  by  a grudual  decreuse  of  H 
at  low  latitudes  and  by  a contemporary  change  of  the  magnetic 
elements  at  auroral  latitudes  in  the  direction  in  which  they  are 
subsequently  changed  by  the  substorm.  The  growth  phase  is 
superseded  by  the  expansion  phase  initiated  by  the  sharp  onset 
at  about  0130. 

Before  the  end  of  the  recovery  phase  of  this  substorin  a new 
onset  is  noticed  at  0210-0215  at  the  low-latitude  stations, 
especially  at  Bangui  and  M’Bour.  In  the  auroral  zone  the 
magnetic  bay  is  most  cleurly  recorded  at  Narssarssuaq;  ut 
Tromsd  the  onset  is  recognized  as  an  abrupt  change  of  the 
slope  in  //.  The  magnetic  activity  front  this  double  substorm 
dies  away  by  about  0400  UT.  After  2 hour,  calm  a new 
moderate  substorm  is  observed  in  the  midnight  sector  (Fort 
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Churchill,  Figure  I ).  We  shall  comment  further  on  the  onset  of 
this  substorm  in  a later  section. 

We  have  used  the  ground  magnetometer  data  in  the  con- 
struction of  equivalent  current  vectors  to  represent  the  current 
distribution  before  and  after  breakup  at  0130  UT.  This  enables 
a comparison  of  the  current  system  during  the  growth  phase 
with  that  during  the  time  of  maximum  expansion.  We  have 
taken  the  time  of  the  satellite  crossing  of  the  arc  (01 15  UT)  as  a 
time  during  which  we  would  consider  the  growth  phase  to  be 
well  in  progress.  The  equivalent  current  vectors  which  could 
produce  the  magnetic  perturbations  at  a number  of  polar  cap 
and  auroral  zone  stations  at  the  time  of  the  crossing  have  been 
drawn  in  a corrected  geomagnetic  latitude/time  diagram  in 
Figure  7.  Also  shown  are  the  equivalent  current  vectors  de- 
rived from  the  same  stations  during  the  time  of  maximum 
disturbance  of  the  event.  The  maximum  magnetic  disturbance 
was  measured  during  the  20  min  immediately  following  the 
poleward  expansion;  the  situation  at  0150  UT  has  been  chosen 
for  construction  of  the  current  vectors.  The  quiet  level  for  both 
graphs  has  been  defined  as  the  level  which  immediately  pre- 


ceded the  onset  of  the  event,  i.e.,  during  2200-2400  UT.  The 
equivalent  current  system  during  the  growth  phase  is  similar  to 
the  system  corresponding  to  B,  < -1  y in  the  winter  months 
(DPZ  system)  as  constructed  by  Friis-Christensen  and  Wil- 
hjelm  [1975].  In  this  system,  which  is  believed  to  depict  the 
magnetic  field  produced  by  field-aligned  current  sheets  in  the 
auroral  oval  and  by  a Hall  current  maintained  by  the  electric 
field  between  the  sheets,  the’disturbance  vectors  over  the  polar 
cap  are  of  the  same  order  of  magnitude  as  those  in  the  post- 
midnight auroral  oval.  In  Friis-Christensen  and  Wilhjelm’s 
paper  (their  Figure  5)  the  equivalent  vectors  arc  approximately 
2 times  the  magnitude  of  those  found  here,  in  accordance  with 
the  fact  that  their  parameter  6,  (the  2-hour  average  of  the 
actual  and  preceding  hour)  is  numerically  greater  in  their  data 
than  in  ours. 

Following  a further  decrease  of  B,  the  equivalent  currents 
during  the  maximum  disturbance  at  01 50  UT  arc  more  intense 
than  those  at  01 15  by  a factor  of  2,  thus  being  comparable  to 
the  average  currents  of  Figure  5 of  Friis-Christensen  and  Wil- 
hjelm  [1975],  Superimposed  on  the  DPZ  system  we  find  at 
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Fig.  5.  Rapid  run  magnetograms  showing  the  horizontal  com- 
ponent al  Narssarssuaq  and  Reykjavik,  February  24-25,  1069  The 
gradual  depression  prior  to  abrupt  onset  of  the  magnetic  substornt  is 
clearly  displayed. 


0150  UT  an  intense  westward  auroral  electrojet.  Thus  al- 
though the  current  systems  during  growth  ( B , negative)  and 
expansive  phase  arc  identical  in  most  respects,  they  differ  by 
the  presence  during  the  expansive  phase  of  the  intense  west- 
ward auroral  electrojet.  A similar  statement  has  been  given 
earlier  by  lijima  and  S'agata  [19681.  The  dominant  rote  of  the 
westward  clectrojct  after  breakup  is  in  agreement  with  the 
substorm  model  of  McPhtrron  et  al.  [1973),  according  to 
which  the  breakup  is  associated  with  the  sudden  increase  of  the 
westward  electrojet. 

Auroral  Observations 

The  course  of  the  auroral  substorm  near  magnetic  midnight 
can  be  summarized  by  reference  to  Figure  8.  The  figure  pre- 
sents. in  negative,  a sequence  of  all-sky  photographs  from 
Narssarssuaq.  The  breakup  occurred  at  0128  UT,  corrected 
geomagnetic  midnight  at  the  station.  The  poleward  expansion 
ended  at  about  0137;  after  this  time  the  oval  part  of  the  bulge 
was  gradually  replaced  by  a diffuse  veil,  leaving  the  discrete 
forms  in  the  polar  front  of  the  bulge  only.  The  auroras  re- 
turned from  the  north,  and  by  0213  a new  expansion  was  in 
progress  to  the  west  of  the  station,  giving  rise  to  increased 
intensity  in  the  withdrawing  bands.  After  the  second  expan- 
sion, auroral  arcs  remained  at  about  71°  corrected  geomag- 
netic latitude  until  a new’  substorm  onset  occurred  near  0600 
UT.  It  follows  from  the  magnetic  and  auroral  observations 
presented  above  that  the  period  studied  may  be  divided  into 
two  time  intervals  with  rather  different  types  of  activity,  the 
prebreakup  interval  following  the  calm  period  at  about  0045 
and  the  postbreakup  (expansion  and  early  recovery)  interval 
which  started  at  about  0130  UT.  In  the  following  sections  we 
present  and  discuss  in  more  detail  ground-based  observations 
made  during  the  event  at  the  stations  listed  in  Table  I,  for  the 
tw  o intervals  separately.  Observations  of  drift  of  auroral  arcs 
and  surges  which  were  made  within  both  intervals,  spanning 
the  time  of  breakup,  are  presented  in  a special  section,  as  are 
also  the  particle  measurements  front  the  Isis  I satellite 


Although  it  is  difficult  to  be  certain  because  of  the  presence  of 
moonlight  and  a few  clouds,  a faint  arc  stretching  from  the 
northeastern  horizon  up  to  about  10°  elevation  is  possibly  seen 
in  the  frames  taken  at  2353,  2358,  and  later  at  0006-0008  UT. 
From  the  time  of  0013-0014  an  auroral  band  was  definitely 
present  and  extended  from  the  northeast  horizon  to  the  zenith. 
The  band  persisted  as  a single  homogeneous  arc  until  at  0050 
the  intensity  increased  gradually,  beginning  at  the  eastern  hori- 
zon. Folds  shaped  like  a narrow  westward  traveling  surge 
moved  from  the  horizon  toward  the  zenith  and  combined  with 
the  original  arc  at  0100  to  form  a row  of  multiple  arcs  of 
moderate  intensity.  A few  minutes  later  a new  ’surge'  was  seen 
low  in  the  northeast  for  about  5 min.  The  intensity  increases 
and  the  westward  movement  of  folds  were  accompanied  by  a 
negative  bay  in  H with  an  amplitude  of  20  y in  Narssarssuaq 
and  Reykjavik  (Figure  5). 

Apparently  as  a continuation  of  the  formation  of  parallel 
arcs  over  Narssarssuaq,  the  arc  developed  to  thewe.-t,  becom- 
ing first  detectable  within  the  Great  Whale  lield  of  view  at  0100 
UT,  at  the  eastern  horizon  of  Fort  Churchill  at  0106,  and 
crossing  the  sky  to  the  northwestern  horizon  at  0109  (Figure 
3).  At  Narssarssuaq,  after  a few  minutes  of  intensity  decrease, 
a sharp  arc  developed  from  the  horizon  in  the  southwest  and 
extended  to  the  eastern  horizon.  During  the  same  time  the 
display  was  developing  toward  the  cast.  It  was  observed  from 
Trotnsd  through  a light  cloud  cover  at  0116  UT  as  a homo- 
geneous arc;  reaching  from  the  western  horizon  toward  the 
northeastern  horizon;  at  0117  it  stretched  from  horizon  to 
horizon.  The  arc  could  have  been  present  in  lower  intensity 
before  01 16.  so  that  the  observation  might  indicate  an  increase 
in  intensity  in  an  already  existing  aurora.  Certainly,  by  0125 
UT  the  arc  system  extended  at  least  from  a geographic  longi- 
tude of  I00°W  to  45°E  (17.5-05.5  MLT)  with  sufficient  in- 
tensity for  easy  camera  observation  of  the  luminosity. 

At  about  01)5  UT  a poleward  turning  of  the  a<c  was  ob- 
served in  low  elevation  at  the  eastern  horizon  of  Great  Whale 
(Figure  18).  The  arc  was  first  observed  at  Great  Whale  at  0100. 
Between  this  time  and  01 15  the  arc  resembled  that  of  Figure  18 
without  the  poleward  turning  at  the  extreme  east.  The  exact 
minute  at  which  the  distortion  sets  in  is  difficult  to  determine, 
because  the  region  is  insufficiently  covered  by  the  cameras.  For 
the  same  reason  it  is  impossible  to  judge  whether  the  arc  is 
continuous,  thus  forming  either  a poleward  bulge  or  a spiral  in 
this  area,  or  discontinuous,  forming  a sun-aligned  arc  as  a 
signature  of  increased  convection  (a  short  polar  cap  band 
becomes  visible  at  approximately  the  same  time  over  Spitsber- 
gen (Figure  3)).  In  the  following  we  refer  to  this  part  of  the 
display  as  ‘the  poleward  extension.'  Further  signatures  of  the 
formation  of  the  poleward  extension  may  also  haxe  been  the 
temporary  increase  in  the  intensity  of  the  western  part  of  the 
arc  as  observed  from  Narssarssuaq  during  the  interval 
01 13-01 16  as  well  as  the  onset  of  small  irregular  pulsations 
with  periods  of  several  minutes  in  the  Great  Whale  magneto- 
gram  (Figure  6).  The  disturbance  set  in  between  0110  and 
0115,  probably  about  0112,  and  continued  as  a gradual  de- 
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Fig.  7.  Equivalent  current  vector!  during  prebreakup  (growth)  phase  (01 15  UT,  left)  and  maximum  of  expansive  phase 
(0150,  right)  of  substorm  on  February  25, 1969.  Numbers  beside  arrows  indicate  vertical  magnetic  perturbation  in  gammas. 
Note  the  different  scale  in  the  two  diagrams. 


crease  of  100  y as  the  westward  traveling  surge  reached  the 
station  at  about  0139. 

Following  the  formation  of  the  poleward  extension  the  in- 
tensity again  increased  from  the  east  in  the  southern  arc  (which 
at  this  time  was  the  only  one  visible)  over  Narssarssuaq,  the 
lower  border  became  irregular,  and  the  intensity  increased 
from  the  west  along  the  arc  to  meet  the  easterly  increase  near 
the  meridian.  Here  the  arc  formed  a sharp  kink  at  012$,  and 
lateral  movements  u yre  observed  between  0125  and  0127.  The 
intensity  increase  from  the  region  of  the  poleward  extension  to 
the  west  of  the  station  was  accompanied  by  an  obvious  though 
small  decrease  in  H (Figure  5).  The  actual  breakup  began  at 
0128-0129  very  near  Narssarssuaq  as  parallel  arcs  were 
formed  along  the  northern  border  of  the  original  arc.  The 
abrupt  onset  of  the  magnetic  perturbation  in  H occurred  at 
0128  in  the  Reykjavik  magnetograms  and  less  than  I min  later 
at  Narssarssuaq  (Figure  5). 

Interpretation  of  Observations 

The  magnetic  and  auroral  observations  may  be  summarized 
as  follows.  Within  minutes  to  tens  of  minutes  after  the  shift  of 
sign  in  B„  precipitation  of  auroral  particles  is  observed  in  the 
auroral  oval  close  to  magnetic  midnight.  The  latitude  of  the 
oval  is  68°.  A gradual  deviation  of  the  magnetic  elements  at 
auroral  zone  stations  is  initiated  at  the  same  time,  indicating 
the  presence  of  a DPZ  (convection)  current  system,  and  signa- 
tures of  increased  cross-taii  or  ring  currents  are  seen  in  the 
records  of  H at  low-latitude  stations.  The  observations  in- 
dicate an  increasing  convection  set  up  by  the  negative  value  of 
B ,.  A minor  disturbance  (double  bay)  at  about  0020  is  visible 
in  stations  from  the  polar  cap  to  low  latitude.  This  is  probably 
a DPI  disturbance  ( Nishida , 1968],  which  may  indicate  irregu- 
larities in  the  convection  rate.  The  increase  in  auroral  intensity 
at  0050  followed  by  a narrow  westward  traveling  surge  and  a 
development  toward  morning  and  evening  of  the  quiet  arc  is 
consistent  with  the  description  of  a confined  substorm  given  by 
Lui  et  al.  [1975].  In  their  example  the  magnetic  effect  of  the 


substorm  was  about  20  y.  The  decrease  of  H in  our  0050-01 10 
vent  is  approximately  20  y and  shows  the  signatures  of  a 
confined  substorm.  This  disturbance  is  immediately  followed 
by  changes  in  the  auroral  pattern  which  could  be  associated 
with  the  convection  pattern,  i.e.,  a poleward  turn  of  the  arc 
before  midnight  and  a polar  cap  aurora  in  the  morning.  The 
observations  from  the  last  10  min  before  breakup  give  the 
impression  of  increasing  convection  and  precipitation  accom- 
panied by  increasing  instability  of  the  arcs,  which  finally  result 
in  the  breakup  and  expansion. 

Expansion  and  Early  Recovery 

The  rapid  poleward  expansion,  initiated  by  the  breakup, 
was  completed  by  0137  as  the  breakup  arcs  covered  the  entire 
area  from  a few  degrees  south  of  Narssarssuaq  to  Syndic 
Strdmfjord  (Figures  8 and  9).  Simultaneously  with  this  expan- 
sion the  southernmost  arcs  moved  equatorward  with  decreas- 
ing intensity;  at  the  end  of  the  poleward  expansion,  all  discrete 
forms  except  those  at  the  highest  latitudes  dissolved,  and  an 
equatorward  broadening  of  a diffuse  veil  took  place,  which 
soon  covered  most  of  the  sky.  At  the  same  time  the  discrete 
forms  at  the  poleward  edge  of  the  display  began  a slow  equa- 
torward retreat. 

The  westward  border  of  the  region  of  poleward  extension 
between  Canada  and  Greenland  appears  to  have  remained 
relatively  stationary  during  the  expansive  phase.  However,  us 
the  expansion  proceeded,  a narrow  zonal  'fiord'  did  develop  in 
the  low-latitude  part  of  this  westward  extension.  The  forma- 
tion of  this  fiord  is  evident  in  Figure  4a  in  the  0130  UT  frame 
between  60°  and  70°  west  longitude.  The  Great  Whale  photo- 
graphs show  that  it  developed  into  a small  loop  which  became 
more  and  more  elongated  toward  the  west,  eventually  opening, 
thus  forming  two  bands  a few  degrees  north  of  the  original 
band.  These  bands,  shown  in  the  0139-0157  UT  frames  of 
Figures  4a  and  46,  reached  the  Great  Whale  meridian  at  about 
0141  but  did  not  continue  into  the  Fort  Churchill  field  of  view. 
The  development  of  the  western  loop  was  accompanied  by  a 
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Fig.  9.  Position  in  corrected  geomagnetic  latitude  of  the  auroral 
arcs  at  Narssarssuaq.  During  the  growth  phase  the  position  is  in- 
dicated by  the  open  dots  The  positions  of  the  northernmost  and 
southernmost  arcs  during  expansion  are  shown  by  the  solid  dots.  The 
hatched  area  is  more  or  less  filled  by  discrete  and  diffuse  auroras,  The 
dense  hatching  indicates  the  equatorward  border  of  the  diffuse  veil. 

gradual  decrease  in  H at  Great  Whale  (Figure  6).  Thus  the 
loop  behaved  like  the  westward  traveling  surge  as  described  by 
AkasoJu  [1968]  with  the  exception  that  the  westward  border  of 
the  poleward  expanding  bulge  d:d  not  move  toward  the  west 
together  with  the  surge  but  remained  stationary  on  the  evening 
side  of  the  poleward  extension  of  the  arcs.  In  a single  snapshot 
of  the  auroral  display  taken  in  the  interval  0139-0157  UT  the 
loop  would  have  been  interpreted  as  multiple  discrete  auroral 
arcs  linked  with  the  western  limit  of  the  poleward  expanding 
bulge.  A DMSP  satellite  photograph  showing  just  this  situa- 
tion on  November  24,  1971.  has  been  published  by  Pike  and 
Whalen  (1974).  Our  study,  bused  on  all-sky  cumera  data,  dem- 
onstrates how  such  multiple  arcs  may  develop  from  a loop  on 
the  western  border  of  the  poleward  expanding  bulge. 

The  propagation  toward  the  morning  sector  of  the  distur- 
bance associated  with  the  breakup  and  expansion  phase  may 
be  observed  from  Tromsd,  which  was  situated  4 hours  after 
geomagnetic  midnight.  A sequence  of  all-sky  photographs  il- 
lustrating the  development  of  the  display  al  this  station  is 
presented  in  Figure  10,  The  intensity  of  the  arc  immediately  to 
the  north  of  Tromsd  begun  to  increase  ut  0130.  Two  minutes 
later  a parallel  arc  of  lower  intensity  became  visible  on  the 
equatorward  edge  of  the  original  one  and  slowly  increased  in 
intensity.  At  about  0137  the  two  arcs  were  dislocated  equa- 
torward, and  after  0139,  diffuse  auroras  with  bundlikc  struc- 
ture appeared  on  the  equatorward  side  of  the  arcs.  The  move- 
ment of  the  original  arc,  which  seemed  to  constitute  the 
poleward  edge  of  the  display,  as  well  as  the  movement  of  the 
boundaries  of  the  diffuse  aurora,  has  been  plotted  in  Figure  1 1 . 
This  figure  also  shows  the  distribution  of  auroral  light  along 
the  meridian  as  recorded  by  the  spectral  camera  C-180-S  at 
Loparskaya  in  the  Murmansk  area.  Auroral  data  are  not 
available  before  0130  because  of  snow,  but  after  this  hour, 
spectrograms  of  10-min  exposure  time  were  recorded.  A com- 
parison of  the  two  plots  in  Figure  1 1 shows  good  agreement 
between  the  stations  with  regard  to  the  latitudinal  shift,  but  a 
time  lag  of  10  ± 5 nun  is  observed  between  the  equatorward 
shifts  Apparently,  the  low -latitude  diffuse  area  propagated 
eastward  with  an  approximate  velocity  of  1°  mm  (or  30 
km  mm).  On  the  assumption  that  the  diffuse  cloudlikc  aurora 
was  produced  by  electrons  which  had  become  trapped  on  near- 


earth field  lines  during  the  breakup  and  expansion  process  in 
the  magnetosphere,  their  energy  may  be  estimated  by  using  a 
formula  deduced  by  Sletien  et  al.  [1971]  from  a paper  by 
Hamlin  et  al.  [1961],  The  formula,  which  gives  an  expression 
for  the  drift  period  of  nonrelativistic  electrons  mirroring  close 
to  the  atmosphere,  may  be  written  1\i)  * 4 X 10 \LE)-\ 
where  T is  the  azimuthal  drift  period  in  seconds,  E is  the 
energy  in  keV  of  the  trapped  electrons,  and  L is  the  Mcllwain 
shell  parameter.  L is  approximately  6,  and  the  stations  are 
separated  by  PVThe  observed  time  lag  of  10  ± 5 min  gives  an 
estimated  particle  energy  of  E » 37  ± 10  keV  (=>40  keV).  If  we 
assume  that  the  electrons  became  trapped  on  near-earth  held 
lines  (L  =«  6)  no  earlier  than  at  the  breakup,  then  they  would 
have  drifted  along  this  shell  for  no  more  than  10  min  before 
arriving  at  TromssS.  This  places  the  eastern  limit  of  the  trap- 
ping region  only  about  10°  to  the  west  of  T romsd,  i.e„  between 
Iceland  and  Scandinavia. 

The  observations  from  Narssarssuaq  (Figure  9)  indicate 
that  the  first  possible  incidence  of  auroral  particles  at  L - 6 
takes  place  at  0133-0134,  about  4 min  before  the  effect  at 
Tromsd.  Thus  it  seems  probable  that  the  diffuse  low-latitude 
aurora  is  formed  practically  without  time  delay  all  along  the 
auroral  oval  from  midnight  to  shortly  before  0400  geomag- 
netic time,  with  a delay  at  later  local  times  which  may  be 
explained  by  the  assumption  of  energetic  electrons  drifting  in 
the  geomagnetic  field. 

The  diffuse  cloudy  auroras  over  northern  Scandinavia  began 
to  withdraw  gradually  toward  the  auroral  zone  at  about  0200 
UT.  During  the  withdrawal  the  luminosity  concentrated  into  a 
few  diffuse  bands.  At  0215-0220  the  southern  border  was  near 
Tromsd.  and  at  0230  the  display  was  no  longer  detectable  in 
the  all-sky  photographs.  Thus  the  poleward  retreat  of  the 
equatorward  boundary  matches  well  the  recovery  of  the  hori- 
zontal field  at  Tromsd  (Figure  I). 

Observation  oi  Aurorae  Drift 

Equatorward  Shift  of  the  Oval 
in  the  Evening  Sector 

From  the  first  occurrence  of  auroral  light  a gradual  equa- 
torward drift  of  the  arc  was  observed  in  the  evening  sector. 
The  position  of  the  arc  observed  in  the  early  evening  at  Fort 
Churchill  (19  geomagnetic  lime)  and  at  Great  Whale  (21  geo- 
magnetic time)  is  shown  in  Figure  12.  The  figure  shows  the 
drifts  to  be  similar  at  the  two  stations  with  a steadier  drift 
occurring  at  Fort  Churchill.  The  irregularities  at  Great  Whale 
centered  at  0122  and  0130  depict  the  passage  of  two  large 
wi'vclike  structures,  the  first  of  which  was  a forerunner  to  the 
small  surge  that  is  easily  detectable  in  the  photographs  of 
0121-0123  (Figure  13). 

The  equatorward  shift  of  the  arc  was  measured  to  be 
3°/hour  and  therefore  cannot  be  attributed  solely  to  the  natu- 
ral shift  of  the  position  of  the  auroral  oval  in  the  course  of  the 
evening.  The  change  in  the  latitude  of  the  Feldstein  oval  (()  = 
3)  at  20  MLT  is  approximately  l°/hour  equatorward,  from 
which  we  can  infer  an  equatorward  drift  in  the  position  of  the 
arc  relative  to  the  oval  of  2°/hour  or  about  4 km  min.  This 
observation  agrees  with  results  reported  by  Starkov  and  Eeld- 
Meut  [1971]  that  auroral  forms  generally  drift  equatorward 
during  an  hour  or  so  prior  to  the  expansive  phase  of  a sub- 
storm,  but  it  should  be  noted  that  in  our  observations  the 
equatorward  drift  was  found  only  in  the  evening  part  ol  the 
oval  Nenher  at  midnight  nor  in  the  morning  sector  could  a 
similar  drift  be  found 
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It  is  of  pjrtKtil.tr  interest  to  note  that  the  equatorward  drift 
eonlinueil  through  the  growth  ami  expansion  phases  but 
slopped  at  the  two  evening  stations  a lew  minutes  helore  the 
poleward  expansion  ended  1 his  was  also  a lew  minutes  helore 
the  narrow  westward  traveling  surge  arrived  at  Great  Whale 
II  we  make  the  tentative  assumption  that  the  eipiatoivvard  etntt 


v'l  the  are  lesulls  irom  a westward  lonosphen.  held  (see.  lor 
example.  Ktllt  t tt  ill  ( l*>"’ 1 1.  Wo;.  r | Id'  1 |t.  the  magnitude  ol 
this  held,  given  hv  v (H  * B)  #*.  is  4 m\  in  westward  Out 
observations  show  that  this  held  was  piesent  deuing  the 
growth  phase  and  most  ol  the  expansion  phase  and  then 
slid  lenlv  disappeared 
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Fig.  1 1 . Broadening  of  auroral  display  at  Tromsd  (dots)  and  Mur- 
mansk (line  segments),  based  on  all-sky  camera  (TR)  and  spectro- 
graph (MM).  The  intensity  maximum  in  the  sprctrographic  record  is 
indicated  by  a narrow  double  line  In  the  spectrogram  the  poleward 
boundary  could  not  be  determined  with  sufficient  accuracy  After 
0225,  observations  were  not  possible  at  T romsd  because  of  cloudiness. 


Symmetrically  Traveling  Disturbances 

In  the  morning  sector  the  equatorward  broadening  was 
initiated  by  the  passage  of  an  eastward  traveling,  small  but 
distinct  bulge  in  the  main  arcs.  The  movement  of  the  bulge  can 
be  followed  in  Figure  10.  A closer  inspection  of  the  figure 
shows  that  the  arc  was  dislocated  slightly  equatorward  on  both 
sides  of  the  bulge.  The  combined  effect  of  this  dislocation  und 
the  bulge  produces  the  depression  of  the  northern  arc  at 
0135-0145  shown  in  Figure  II.  The  projection  on  the  ground 
of  the  arc  system  which  clearly  shows  the  bulge  is  presented  in 
Figure  14  More  detailed  measurements  of  the  eastward  shift 
of  the  position  of  the  bulge  are  given  in  Figure  15.  Note  that 
the  ordinate  in  the  figure  gives  the  distance  of  the  maximum 
deviation  in  the  bulge  along  the  arc  from  an  arbitrary  zero 
meridian,  measured  in  degrees  of  geomagnetic  longitude. 

At  Great  Whale  a disturbance  similar  in  shape  to  but  of 
smaller  dimension  than  a westward  traveling  surge  was  seen  to 
move  front  the  vicinity  of  the  great  poleward  bulge  between 
Canada  and  Greenland  toward  the  west.  As  is  shown  in  the 
photographic  sequence  of  Figure  13.  the  surge  was  first  de- 
fected at  0120;  at  0125  it  appears  to  have  reached  the  Great 
Whale  meridian,  but  at  this  time  it  was  difficult  to  distinguish 
because  of  the  presence  of  a great  number  of  small-scale  folds 
along  the  arc.  At  0131-0132  the  band  was  again  more  regular, 
with  a single  bulge  in  the  western  end.  quite  similar  to  the 
disturbance  present  near  Tromsd  at  the  same  time.  The  west- 
ward movement  of  this  bulge  and  that  of  the  bulge  originally- 
approaching  Great  Whale  front  the  east  (presumably  the  same 
form)  are  plotted  in  Figure  15  and  labeled  GW.  As  it  ap- 
proached the  western  horizon  at  Great  Whale,  it  became  ob- 
servable in  low  elevation  from  Fort  Church-’l,  and  the  motion 
measurements  taken  ftom  the  Fort  Churchill  photographs  are 
plotted  in  the  same  figure  (labeled  FC  i.  A few  minutes  later  the 
Fort  Churchill  camera  stopped  operation  for  4 nun,  enough 
time  for  the  bulge  to  become  rather  poorly  defined.  But  the  few 
observations  made  at  Fort  Churcnill  before  the  break  follow 
the  trend  in  the  Great  Whale  plot  The  displacement  in  longi- 
tude results  from  the  uncertainty  in  selecting  the  same  point  or. 
the  aurora  from  the  two  stations  At  any  rate,  the  observations 
from  these  two  stations  show  that  a small  bulge  moved  west- 


ward across  the  Great  Whale  field  of  view  and  into  the  Fort 
Churchill  field  of  view  during  the  time  interval  0120-0139. 
Between  0134  and  0142  the  eastward  drift  of  a similar  bulge 
near  T ,-omsd  was  measured.  The  two  surges  appeared  to  have 
about  the  same  drift  speed;  in  the  time  interval  0135-0138, 
when  the  Tromsd  measurements  were  most  accurate,  the  east- 
ward drift  speed  was  2.2*  ± 0.3“  geomagnetic  longitude  per 
minute,  while  the  westward  drift  speed  of  the  bulge  near  Great 
Whale  was  measured  to  be  2.0“  ± 0.5“  geomagnetic  longitude 
per  minute.  The  bulge  at  Tromsd  drifted  close  to  the  107“ 
geomagnetic  longitude  meridian,  and  the  one  at  Great  Whale 
drifted  near  the  357°  meridian.  Thus  during  this  short  interval 
the  two  bulges  were  of  similar  shape  and  were  observed  to  drift 
symmetrically  in  relation  to  the  geomagnetic  midnight  meri- 
dian (*50“  geomagnetic  longitude). 

The  western  irregularity  became  visible  in  the  Great  Whale 
field  of  view  a few  minutes  after  the  formation  of  the  poleward 
extension  between  Canada  and  Greenland.  The  drift  velocity 
of  this  and  accompanying  irregularities  along  the  arc  was 
relatively  constant  or  slightly  decreasing  until  0134-0135, 
when  an  increase  in  the  velocity  occurred.  Unfortunately,  data 
are  not  available  to  show  whether  the  drift  stopped  at 
0139-0140,  as  is  the  ease  with  the  eastern  irregularity,  although 
the  shape  of  the  drift  curve  of  Figure  15  does  indicate  this 
possibility.  At  Tromsd  the  drift  stopped  completely  for  about 
2 min  at  0139-0140,  after  which  it  continued  with  the  same 
velocity  as  before.  If  the  symmetric  drift  of  the  two  irregufari- 
ties  is  more  than  a cc;ncidence,  it  can  perhaps  be  thought  of  as 
an  effect  associated  with  changes  in  the  convection  and  thus  in 
the  polar  cap  electric  field  during  the  expansion. 

Satellite  Particle  Observations 

At  0115  UT  the  Isis  I satellite  passed  over  the  arc  at  a 
position  10.3“  east  of  Great  Whale.  The  electron  spectrogram 
of  the  southbound  pass  is  presented  in  Figure  16,  where  the 
electrons  associated  with  the  visual  arc  appear  distinctly  at  an 
invariant  latitude  of  about  68°  and  a magnetic  local  time  of 
20.8  hours.  Immediately  poleward  of  this  precipitation  is  a 
restricted  region  containing  electrons  of  energies  in  the  100-  to 
250-eV  range.  Equatorward  of  the  auroral  precipitation  the 
spectrogram  shows  photoelectrons  of  energy  between  * 10  eV 
and  *60  eV,  coming  down  the  field  lines  from  sunlit  magnet- 
ically conjugate  points. 

The  electron  differential  number  spectrum  measured  near 
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the  center  ol  the  region  of  precipitation  is  shown  in  t igure  1 7 
This  spectrum,  labeled  J.\  dt . is  characteristic  of  nightside 
amoral  precipitation  showing  a rather  steep  negative  slope  at 
low  energies  and  the  upical  auroral  peak,  in  this  case  at  I 5 
keV  The  total  energs  in  the  spectrum  (in  the  range  10  eV  to 
1 1 b kcV)  is  4 f ergs  cm' s sr  Assuming  an  isotropic  electron 
distribution,  this  energs  flux  corresponds  to  a brightness  of  ’0 
kR  of  light  at  55*7  A [Outgo mo  ft  ol . Id65|  l vaniinaiion  of 
indis-dual  spectra  indicates  that  the  peak  in  the  electron  spec- 
trum increases  and  then  decreases  as  the  arc  is  crossed  Such  a 
latitudinal  niorphologv  has  been  i eterred  to  as  an  'inserted  V 
structure  bs  trank  and  iikenon  [l‘)‘’||  and  is  a common 
feature  associated  with  mans  auroral  arcs 


The  enlarged  photograph  of  I igure  IS  shows  the  arc  as  it 
was  obsersed  from  the  Great  Whale  Riser  Obsersators  at 
0115  l'l  The  small  white  circle  near  the  right  edge  ol  the 
photograph  marks  the  point  at  which  the  geomagnetic  field 
line,  through  which  the  satellite  passed  at  the  time  the  max- 
imum energs  tins  was  detected  (01 14  56).  intersects  the  height 
ol  maximum  auroral  luminosits  As  is  shown  bs  the  ‘energs 
flux’  curse  ot  I igure  I*,  most  of  the  energs  was  carried  at  5 
ke\  , which  places  the  height  ol  maximum  luminosits  at  about 
120  km  [Kee.s.  I'ibOj 

1 he  soft  particle  spectrometer  also  provided  a measurement 
ol  protons  in  the  range  ol  energies  10  c\  to  1 1 6 ke\  55  ithm 
this  energs  ranee,  protons  were  obsersed  to  precipitate  oser  a 
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Fig.  14.  Maps  showing  eastward  movement  of  surge  in  the  morning  sector,  as  observed  from  Tromsd. 
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region  extending  from  an  invariant  latitude  of  67.4°-66.6°. 
The  proton  energy  flux  profile  is  plotted  in  Figure  19,  which 
clearly  demonstrates  that  the  proton  precipitation  occurred 
equatorward  of-  the  electron  precipitation  associated  with  the 
visual  arc.  The  energy  associated  with  the  protons  over  this 
range  of  invariant  latitude  averaged  3.0  X I0~*  erg/cm* s sr. 
Because  of  low  count  rates  it  was  not  possible  to  measure  a 
proton  spectrum,  but  the  average  proton  energy  appeared  to 
be  near  4 keV. 

Since  the  satellite  crossed  the  region  of  particle  precipitation 
before  the  time  of  maximum  disturbance,  it  is  possible  to 
estimate  energy  input  into  the  auroral  ionosphere  beforo.lhe 


onset  of  the  expansive  phase.  Figure  19  shows  the  electron 
energy  flux  profile  measured  as  the  satellite  passed  over  the 
arc.  A directional  intensity  of  0.2  erg/cm*  s sr  corresponds  to  I 
kR  of  light  at  5577  A,  which  is  near  the  visibility  threshold 
above  the  background  light  of  the  night  sky.  As  the  figure 
indicates,  an  electron  fltix  in  excess  of  this  value  was  detected 
for  four  consecutive  spectral  sweeps  or  for  8 s.  The  satellite 
horizontal  speed  was  7 km/s,  so  that  at  the  satellite  altitude  of 
620  km  the  ‘arc  width’  was  56  km.  Integrating  across  the  arc, 
the  rate  of  energy  input  per  unit  length  of  the  arc  was  5 X 10’ 
ergs/s  cm.  The  prebreakup  arc  was  observed  by  cameras  from 
west  of  Fort  Churchill  to  east  of  Tromsd  and  most  likely 


Fig.  15.  Drift  from  midnight  of  auroral  surges.  The  drift  seen  at  OreBt  Whale  and  Fort  Churchill  Is  westward:  that  at 

Tromsd  is  eastward. 
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ELECTRON  ENEROY  (<«) 

Fir,  17,  rdcciron  differential  number  spectrum  (JN/dF)  ttml  en- 
erRy  lliiv  measured  by  the  Isis  I soft  particle  spectrometer  at  01  14:56 
UT  on  February  25,  1969. 


extended  much  further  in  both  directions,  A length  of  7 X 10* 
km  approximates  this  distance,  and  with  this  assumption  the 
total  energy  input  rate  was  3.5  X I0U  ergs/s.  The  arc  was 
visible  for  at  least ) hour  before  breakup;  therefore  an  energy 
of  7 X 10'*  ergs  was  deposited  into  the  auroral  atmosphere  by 
the  electrons  before  breakup.  The  protons  in  the  region  equa- 
torward  of  the  arc  carried  considerably  less  energy  than  the 
electrons,  a feature  not  unusual  in  auroral  events.  The  ratio  of 
the  energy  of  the  protons  cquatorward  of  the  arc  to  that  of 
electrons  within  the  arc  was  1.6  X 10’*, 

The  question  of  whether  or  not  auroral  arcs  always  occur  on 
dosed  magnetic  licld  lines  continues  to  be  a mutter  for  deter* 
minulion.  We  have  attempted  such  a determination  for  the  arc 
observed  on  February  25  by  making  use  of  the  S-50  detector  of 
the  Isis  I energetic  particle  experiment  (compliments  of  J.  R. 
Burrows.  National  Research  Council,  Ottawa,  Canada).  This 
detector  responds  to  electrons  of  energy  >40  kcV  and  offers 
the  advantage  of  a large  geometric  factor  of  4 X 10' * cm*  sr. 
Figure  20  shows  the  S-50  Dux  plotted  against  universal  time 
and  invariant  latitude,  where  the  counts  have  been  averaged 
over  pilch  angle  in  order  to  compare  the  trapped  particle  flux 
outside  the  63*  loss  cone  with  the  downcoming  (n  < 63° ) and 
upcoming  (<»  > 1 17°)  lluxcs.  Al  latitudes  below  about  6X°  the 
trapped  llux  exceeds  the  precipitated  liux,  indicating  a closed 
licld  line  configuration.  From  the  figure  it  is  not  possible  to  tell 
exactly  where  the  angular  distribution  changed,  but  it  must 
have  been  between  67,9°  and  68.4°,  Frit:  [ I970|  would  identify 
this  location  us  A,,,,  a boundary  defined  to  be  the  lowest 
latitude  at  which  isotropy  occurs  for  electrons  of  £ > 35  keV, 
We  note  that  on  the  nightsidc  this  boundary  always  occurs  at  a 
latitude  lower  than  the  A*  of  McDiurmhl  amt  harrows  |I968), 
which  is  the  lowest  latitude  at  which  counts  fall  to  cosmic  ray 
background  and  which  is  interpreted  by  them  as  the  high- 
latitude  limit  of  closed  field  lines.  In  the  present  case,  ,\»  was 
above  latitude  71.2°,  the  highest  latitude  tracked  on  this  pass. 
Thus  we  can  state  that  the  electron  arc  is  associated  with  or  lies 
below  the  boundary  between  open  and  closed  lield  lines  and 
that  the  proton  arc  clearly  lies  on  closed  magnetic  field  lines 


It  has  been  shown  that  the  substorm  under  study  here, 
which  followed  a period  of  magnetic  calm,  appears  to  have 
been  preceded  by  an  interval  before  breakup  with  activity 
corresponding  to  the  growth  phase  defined  by  McPherron 
(1970),  The  gradual  development  of  the  activity  starts  shortly 
after  the  southward  turning  of  the  interplanetary  magnetic 
field;  the  magnetic  deflections  at  auroral  latitudes  as  well  us  at 
middle  and  low  latitudes,  the  auroral  activity,  the  westward 
mngnetospheric  electric  field  deduced  from  the  auroral  drift, 
and  the  precipitation  of  auroral  particles  measured  by  the 
satellite  all  support  McPherron’s  suggestion  that  the  start  of 
the  substorm  growth  phase  indicates  cither  a commencement 
or  a gradual  enhancement  of  mngnetospheric  convection.  The 
observation  of  symmetrically  drifting  auroral  surges  during 
growth  and  expansion  phuses  us  well  us  of  uurornl  patterns 
similar  to  part  of  the  convection  pattern  may  give  ftirthcr 
support  to  this  idea.  In  the  present  case  we  are  apparently 
concerned  with  a situation  in  which  increased  convection  initi- 
ated by  a negative  h,  is  terminated  by  several  substorms;  first  a 
very  small  confined  substorm  and  then  two  greater  substorms 
with  clear  breakup  and  poleward  expansions  which  are  not 
separated  from  each  other  but  which  seem  to  belong  to.the 
same  disturbance  event.  j 

The  very  small  substorm  occurred  at  about  0100  UT  ^ap- 
proximately I hour  before  the  expansion  phuse  of  the  mtyor 
substorm,  it  was  characterized  by  a small  westward  traveling 
surge  and  a small  magnetic  bay  of  a-20-y  and  therefore  fils'the 
description  of  a weak  substorm  along  a contracted  ovul  as 
concluded  from  ground-based  observations  | MonthrianJ , 
1971)  and  DMSP  2 imaging  [Akasttfit.  19746).  The  southward 
turning  of  the  IMF  preceded  even  this  event  by  more  than  an 
hour,  and  the  first  departure  from  magnetic  quiet  was  ob- 
served al  auroral  zone  ns  well  as  low-latitude  stations  about  I 


I ir  18  Ul-skv  photograph  taken  al  Great  Whale  River  Observa- 
lor>  at  01 15  U f on  February  25.  196V.  The  small  white  circle  desig- 
nates the  licld  line  intersection  point  at  120  km 
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Fig.  19.  Electron  and  proton  energy  flux  latitudinal  profile*.  The 
proton  precipitation  lie*  distinctly  equatorward  of  the  electron  precipi- 
tation associated  with  the  visual  arc.  Minute  15  of  hour  01  is  labeled  at 
01 15  and  begins  at  the  00  mark  on  the  abscissa. 

hour  before  the  appearance  of  the  small  substorm.  Accord* 
ingly,  we  take  the  view  that  this  suhstonn  may  also  have 
resulted  from  the  southward  turning  of  the  IMF  and  repre* 
sented  a small  release  of  energy  before  the  much  greater  release 
at  01 

As  in  the  main  event  under  study,  the  0600  substorm  which 
appears  at  Fort  Churchill  and  Great  Whale  River  was  pre- 
ceded by  a short  interval  of  activity,’  which  is  similar  to  the 
growth  phase  of  the  0130  substorm:  following  tbe  recovery  of 
substorm  activity  at  0400,  quiet  arcs  were  situated  near  71“ 


corrected  geomagnetic  latitude.  Near  0525,  B,  went  negative 
(Figure  I ),  At  0525-0530  the  arcs  became  more  intense  (Figure 
21);  at  0541  an  arc  was  broadening  from  the  midnight  sector 
into  the  Fort  Churchill  field  of  view.  At  0603  a bright  aie  was 
suddenly  observed  at  about  68“;  at  0606-0610,  internal  activity 
was  seen  in  the  arc;  at  0608-0610  it  developed  toward  the  east 
across  the  Great  Whale  zenith;  and  at  0616  a moderate  pole- 
ward  expansion  began.  The  development  of  the  auroral  dis- 
play has  its  counterpart  in  the  magnetic  record  from  Fort 
Churchill  (Figure  I ).  Also,  the  low-latitude  stations  near  mid- 
night (Fredericksburg  and  Tucson.  Figure  2)  show  features  of 
increasing  cross-tail  current  between  0540  and  substorm  onset 
at  about  0600.  Thus  although  the  observational  data  arc  more 
limited  at  this  substorm,  we  see  features  very  much  like  those 
described  above,  beginning  with  the  negs  ;ivc  turning  of  B,  and 
ending  with  the  poleward  expansion  abo  it  50  min  later.  The 
poleward  expansion  does  not  reach  as  high  a latitude  as  in  the 
0130  substorm;  the  product  of  B,  and  time  from  southward 
turning  to  breakup  is  also  less  in  the  0600  substorm  [A moldy, 
1971). 

Our  observations  do  not  determine  whether  the  expansive 
phase  trigger  mechanism  is  internal  or  external.  We  can  only 
point  to  our  observations  that  the  southward  turning  of  the 
IMF  was  followed  by  clear  signatures  of  increased  magneto- 
spheric  convection:  DPZ  equivalent  current  systems  of  gradu- 
ally (though  not  monotonicaliy)  increasing  intensity,  signa- 
tures of  an  increasing  cross-tail  and/or  ring  current, 
precipitation  of  auroral  particles  in  an  increasing  longitudinal 
sector  of  the  midnight  auroral  oval,  and  finally  a poleward 
curvature  of  arcs  in  the  premidnight  area  that  resembles  the 
drift  pattern  in  the  polar  cap.  M inor  signatures  of  instability  or 
activity  arc  followed  by  the  sharp  breakup, 

It  is  apparent  from  the  observations  presented  here  as  well 
as  from  observations  of  Subbarao  ml  Rosioker  |I973),  Hones 
el  al.  (1973),  Akasofu  el  ai  [1973),  Rossberg  (1974),  and  Abu* 
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Fig.  20.  High-energy  electron  fluxes  averaged  over  pitch  angle.  The  low-latitude  limit  of  the  position  of  the  boumtarx 
between  open  and  closed  field  lines  lies  between  invariant  latitudes  67  9“  and  68  4“,  indicated  by  hatching  The  arrow  on  the 
abscissa  labeled  01  IS  indicates  the  beginning  of  minute  15  of  hour  01  (UT) 
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CHURCHILL 
1969,  Feb  25 
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I ig  71  \li-skv  photographs  trom  I orr  C hurchill.  I ehruarv  7'.  IW,  showing  auroral  .wtivitv  during  the  prebreakup 
(srowlh)  phase  and  beginning  ol  expansion  phase  ol  the  later  subsiorm 

\otu  (l‘)7'|  that  some  substorms  luxe  a gr.ulu.il  and  easilv  spheric  convection,  il  it  is  continued  lor  a siillieienllv  long 

defined  growth  or  development  phase,  while  others  do  not  period,  mav  result  in  substorm  auivitv,  as  in  the  ease  studied 

Obviouslv.  there  is  no  clear  one-to-one  relation  between  the  here  However,  the  evidence  discussed  above  seems  to  argue 

growth  phenomenon  and  the  substorm  It  is  in  agreement  with  agau.d  the  use  ol  the  tei in  growth  phase  when  it  is  applied 

current  substorm  theories  that  a /^-negative-caused  magneto-  with  the  s ime  weight  as  the  term  'expansive  phase'  in  describ- 
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ing  a definite  phase  of  every  substorm.  The  term  may,  how- 
ever, be  suitable  in  describing  a magnetospheric  situation 
which  may  lead  to  the  triggering  of  a substorm. 

Ionospheric  Electric  Fields 

In  a study  of  the  ionospheric  electric  field  by  means  of 
balloon-borne  detectors,  ,Voier|l97l)  found  a regular  behav- 
ior of  the  electric  field  in  the  auroral  tone-  Averaging  over  19 
substorms,  he  found  that  about  I hour  &fore  the  onset  of  the 
expansive  phese  the  westward  component  of  the  electric  field 
increased  from  zero  and  reached  a maximum  value  at  the  time 
of  breakup.  The  field  remained  al  (his  level  throughout  the 
expansion  phase  and  then  began  a return  to'  .ard  zero.  The 
southward  component  remained  at  a zero  level  until  It  sud- 
denly increased  at  the  onset  of  the  expansion.  Our  observation 
that  the  equatorward  drift  of  the  auroral  arc  appears  during 
the  growth  phase,  continues  through  the  expansive  phase,  and 
then  suddenly  stops  is  in  agreement  with  Morer’s  observation 
of  the  duration  of  the  positive  excursion  of  the  westward 
component  of  the  electric  field.  Our  observation  of  the  limita- 
tion of  the  equatorward  drift  to  the  evening  side  of  the  sub- 
storm  center  appears,  however,  to  be  new.  It  is  not  obvious 
front  Morcr’s  balloon  measure., rents.  His  conclusions  are 
bases!  on  average  values  without  information  about  the  loca- 
tion of  the  balloons  in  relation  to  the  substorm. 

Particle  Precipitation  and  Relationship 
to  the  Magnetosphere 

The  particle  precipitation  associated  with  this  auroral  dis- 
play has  been  studied  both  by  direct  measurement  and  by 
observation  of  the  drift  of  cloudlike  auroral  forms.  Most  of  the 
electrons  responsible  for  the  luminosity  in  the  premidnight 
sector  before  breakup  possessed  energies  of  1-5  keV.  The 
cloudlike  form  observed  drifting  from  Tromsd  to  Murmansk 
was  produced  by  electrons  of  ^40-kcV  energy.  This  energy 
determination,  based  on  the  assumption  that  the  electrons 
were  gradient  drifting,  is  in  agreement  with  the  photographic 
observations  of  Stormer  1 1955),  w hich  give  a mean  height  of  94 
km  for  ordinary  cloudlike  auroras  over  Norway.  The  ioniza- 
tion production  maximum  for  40-keV  electrons  has  been  cal- 
culated by  Rees  (1963)  to  be  92  km.  Our  observations  of 
diffuse  aurora  indicate  that  such  electrons  appeared  nearly 
simultaneously  all  along  the  oval  from  midnight  to  shortly 
before  0400  geomagnetic  time  and  that  the  drift  of  the  cloud- 
like aurora  east  of  Tromsd  is  consistent  with  gradient  drift  of 
40-keV  electrons  at  auroral  latitudes. 

This  observation  agrees  well  with  the  model  for  precipi- 
tation into  the  auroral  rone  of  electrons  in  the  >30-keV  range 
presented  by  Sletten  et  al  (1971)  on  the  basis  of  observations 
by  several  authors  (see  their  list  of  references).  In  tl.cir  model, 
electrons  within  the  loss  cone  arc  precipitated  in  an  elongated 
region  following  the  auroral  oval  from  geomagnetic  midnight 
toward  dawn  Electrons  with  other  pitch  angles  drift  castw  ard, 
following  the  L shells  from  this  source  region,  and  arc  gradu- 
ally precipitated  by  pitch  angle  scattering  or  other  mecha- 
nisms 1 his  drifting  electron  population  may  be  responsible 
for  the  mantle  aurora  ( Hoffman  and  Ritrch , 1973). 

Thus  our  observations  support  a mechanism  which  would 
inject  40-keV  electrons  into  the  auroral  oval  during  the  ex- 
pansive phase  of  the  substorm.  The  observation  by  the  Vela 
satellites  [Hones  et  al . I973|  of  an  enhancement  in  the  F > 45- 
keV  electron  flux  at  the  time  of  rapid  thinning  of  the  plasma 
sheet  at  the  satellite  suggests  that  these  electrons  may  be  of  the 
same  population  as  that  responsible  for  the  production  of  the 


diffuse  cloudlike  auroras  which  appear  at  auroral  latitudes 
during  breakup. 

Our  present  Isis  I electron  observations  made  before  auroral 
breakup  agree  well  with  the  growth  phase  morphological  pat- 
tern of  Hoffman  and  Burch  (1973).  The  term  growth  phase  was 
defined  by  them  as  the  time  between  the  southward  turning  of 
the  IMF  and  the  appearance  of  auroral  breakup.  The  studies 
of  Al.aso/j  et  al.  (1973)  and  Akasofu  ( 1974a)  would  have 
categoritcd  the  present  observation  as  the  ’plasma  sheet  quiet 
arc’  of  a ‘growth  phase  pattern.’  Winningham  et  al.  (1975), 
using  Isis  I and  2 particle  data,  have  amplified  the  patterns  of 
Hoffman  and  Burch  (1973)  but  do  not  include  a pattern  repre- 
senting a preexpansive  phase,  IMF  south  condition  (since  this 
condition  does  not  always  initiate  a complete  substorm  se- 
quence). They  do  state,  however,  that  an  observation  of  the 
kind  we  report  would  be  categorized  as  representing  their 
’boundary  plasma  sheet’  (BPS)  region  during  a period  for 
which  the  IMF  is  directed  southward  (see  their  Figure  19). 
This  BPS  region  is  always  located  poleward  of  the  region  of 
diffuse  aurora  and  often  contains  discrete  arcs. 

As  we  have  illustrated  in  Figure  19,  the  highest  fluxes  of 
protons  of  about  4-keV  energy  were  measured  within  a region 
equatorward  of  the  electron  arc.  A similar  latitudinal  profile, 
characteristic  of  the  premidnight  hours,  has  been  obtained 
statistically  with  airborne  (fc'afAer  and  Mende.  1971)  and 
ground-based  [Fukunishi.  1975)  H/J  observations.  The  study  of 
Fukunishi  (1975)  clearly  places  the  belt  of  proton  precipitation 
equatorward  of  discrete  auroral  arcs  during  times  which  he 
defines  as  the  'quiet'  phase  and  the  'prebreakup'  phase.  Our 
particle  observations  show  that  the  separation  can  occur  on  an 
instantaneous  basis,  a fact  which  must  be  included  m any 
theory  which  seeks  to  explain  the  global  development  of  an 
auroral  substorm.  Isis  I crossed  the  arc  at  a local  time  of  20.5 
hours  and  a magnetic  local  time  of  20.8  hours.  We  also  note 
that  apparent  separation  between  the  region  of  maximum 
proton  precipitation  and  the  region  of  maximum  electron  pre- 
cipitation (the  arc)  docs  not  completely  exclude  protons  from 
the  electron  precipitation  region,  it  only  excludes  protons 
within  the  energy  range  10cV  to  1 1.6  keV  and  above  an  energy 
flux  level  of  =»I0'*  erg/cm*  s sr. 

The  obseived  protons  were  most  likely  associated  with  the 
quiet  time  ring  current,  which,  according  to  the  San  Juan 
maguctogram  of  Figure  2.  intensified  as  the  substorm  sequence 
continued.  The  greatly  reduced  proton  flux  at  the  position  of 
the  arc  before  breakup  implies  either  (I)  an  upward  field- 
aligned  electric  field  at  the  auroral  arc  or  (2)  that  the  mecha- 
nism which  energizes  electrons  and  protons  does  not  precipi- 
tate the  protons  efficiently.  Only  when  the  proton  population 
of  the  near-earth  plasma  sheet  reaches  a critical  intensity  arc 
protons  precipitated  by  resonant  wave-particle  interactions  as 
suggested  by  Kennel  and  Petschek  (1966).  Adiabatic  compres- 
sion x.pcratcs  on  protons  on  closed  field  lines  in  the  tail  region, 
but  the  dominant  mechanism  is  betatron  or  transverse  energi- 
zation which  operates  on  the  transverse  component  of  the 
proton  motion.  Our  observation,  using  the  high-energy  elec- 
tron data,  that  the  boundary  between  open  and  closed  field 
hues  lies  at  a latitude  at  leas!  as  high  as  67. 9°  insures  that  the 
protons  wc  observed  were  on  closed  magnetic  lines. 

SUMMARY  AM)  CONOl  t.'SIONS 

A comprehensive  study  of  the  major  substorm  of  I ebruary 
25.  1969,  ,u  0130  UT  and  several  weak  substorms  before  and 
after  this  event  has  resulted  in  the  following  observations 

1 flic  preexpansive  phase  auroral  arc  extended  approxi- 
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mately  along  the  auroral  oval  from  1 7. S to  05.5  M IT  and  was 
responsible  for  an  energy  input  rate  of  a- 3 X 10'*  ergs/s  before 
the  breakup, 

2.  In  the  evening  sector,  from  the  earliest  observation  of 
auroral  light,  an  cquaiorward  drift  of  6 km/min  was  observed; 
this  drift  was  present  only  in  the  evening  sector  and  censed 
after  the  onset  of  the  expansive  phase  at  the  time  of  maximum 
poleward  displacement  of  the  breakup  arcs, 

3.  In  the  evening-midnight  sector  the  increase  in  the  in- 
tensity of  the  preexpansive  phase  arc  accompanied  the  increase 
in  the  deviation  of  the  horizontal  magnetogram  component. 

4.  The  equivalent  currents  obtained  from  the  observed 
magnetic  deflections  were  of  the  DP Z type  (tw  in  vortex  mode) 
before  the  onset  of  the  expansive  phase.  After  the  onset  the 
DP7,  currents  were  more  intense  by  a factor  of  2,  but  the 
dominating  current  during  this  period  was  an  intense  west- 
ward auroral  electrojet. 

5.  During  the  expansive  phase,  symmetrically  traveling 
disturbances  were  observed  propagating  eastward  and  west- 
ward away  from  the  midnight  sector.  The  propagation  stopped 
for  1-2  min  at  the  time  of  maximum  poleward  expansion  and 
then  continued  (at  least  in  the  morning  side)  with  the  original 
velocity. 

6.  Electrons  m the  I-  to  5-keV  range  were  measured  by 
satellite  over  the  preexpansion  phase  are.  They  were  observed 
near  and  probably  within  the  low-latitude  limit  of  the  bound- 
ary between  open  and  closed  field  lines. 

\ Protons  of  =*4-kcV  energy  were  measured  equatorward 
of  the  electron  arc;  their  intensity  was  1.6  X 10  1 that  of  the 
electrons  within  the  arc.  and  they  were  definitely  on  closed 
field  lines. 

8.  An  injection  of  ^40-kcV  electrons  as  determined  from 
the  observations  of  dilTtisc  cloudlike  aurora  occurred  during 
the  expansive  phase  At  times  later  than  04  Ml.T  the  cloudlike 
aurora  associated  with  the  40-kcV  electron  population  was 
observed  to  drift  eastward  toward  later  morning  hours. 

The  major  substorm  at  0130  UT  and  a smaller  substorm  at 
0600  UT  show  growth  phase  features  in  their  visual  and  mag- 
netic signatures.  However,  other  investigations  show  that 
many  substorms  have  occurred  for  which  there  is  no  classic 
growth  pattern  and  also  that  some  growth  phase  patterns  do 
not  always  result  in  a complete  substorm  sequence  (A'oAubu/t  et 
u/.,  1977).  Accordingly , we  emphasize  the  usefulness  of  the 
growth  phase  concept  in  describing  a magnetosphchc  condi- 
tion which  is  initiated  hy  a southward  turning  of  the  IMF  but 
stress  that  in  general  it  should  not  be  expected  to  bear  a one- 
to-one  correspondence  with  the  subsiorm  expansive  phase. 
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The  Topside  Magnetospheric  Cleft  Ionosphere  Observed 
From  the  Isis  2 Spacecraft 

G.  G.  Shepherd,1  J.  H.  Whitteker,*  J.  D.  Winningham,*  J.  H.  Hoffman,*  E.  J.  Maier,4 
L.  H.  Brace,4  J.  R.  Burrows,*  and  L.  L.  Cogger* 

Data  from  the  Isis  2 spacecraft  for  five  orbits  in  November  1971  are  examined  in  detail.  The  spacecraft 
was  then  in  cartwheel  configuration,  permitting  detailed  angular  and  spectral  measurements  of  charged 
particle  fluxes  (£  > 5 eV).  local  ion  densities  and  temperatures,  local  electron  densities  and  temperatures, 

F region  peak  electron  densities,  and  6300-  and  5577- A emissions  accurately  located  at  the  field  line  foot. 

In  the  November  9 and  10  orbits,  highly  structured  regions  of  electron  flux  having  average  energies  of 
'0.7  and  '0.2  kcV  arc  observed  The  O’  density  at  the  1400-km  spacecraft  altitude  generally  reflects  the 
electron  precipitation,  disappearing  rapidly  at  the  poleward  boundary  with  He*  becoming  dominant  in 
the  polar  cap  Throughout  this  region  of  enhanced  O'  densities,  strong  polar  wind  flows  of  H*  are 
observed  The  electron  densities  obtained  with  the  topside  sounder  are  sometimes  higher  than  the  ion 
densities;  this  is  in  part  due  to  the  structured  nature  of  the  cleft  region,  but  other  indirect  plasma  processes 
may  also  be  involved  The  ion  temperature  is  about  2000“ K inside  the  cleft  and  rises  to  about  5000“K  at 
the  polew  ard  cleft  boundary.  The  F region  peak  density  shows  some  structure  but  no  uniquely  identifiable 
cleft  response,  and  the  optical  emissions  generally  show  a multiple  peaked  structure,  normally  with  the 
lowest  red/green  ratio  in  the  equatorward  components,  The  November  17  and  18  orbits  dilTer  in  that  the 
electron  spectrum  precipitation  energies  arc  closer  to  100  eV.  are  less  structured,  and  arc  displaced  to 
higher  invariant  latitude  The  O’  densities  are  higher,  while  the  light  ions  are  little  changed,  and  0*  is 
observed  poleward  of  ihe  precipitation  region,  implying  strong  convection  perpenaicular  to  the  auroral 
oval.  The  optical  red/green  ratio  is  higher  for  these  orbits.  A tentative  explanation  for  the  different 
behavior  is  the  passage  of  a sector  boundary  between  these  two  dates  with  the  interplanetary  field 
direction  changing  from  'away'  to  'toward.' 


Introduction 

The  existence  of  dayside  aurora  and  the  continuity  of  the 
auroral  oval  have  been  known  for  some  time  ( Feldstein , 1963). 
Studies  of  the  polar  cap  ionosphere  had  revealed  topside  den- 
sity enhancements  attributable  to  particle  energy  input  on  the 
earth's  dayside  [Nishida.  1967;  Sato  and  Colin,  1969).  But  the 
recognition  of  the  magnetospheric  dayside  cusps  [ Heikkda  and 
Winningham.  1971;  Frank  and  Ackerson,  1971)  or  cleft  [Htik- 
kila,  1972)  came  about  through  the  observation  of  magneto- 
shealhlike  plasma  at  low  altitudes  and  high  latitudes  on  the 
earth's  dayside.  Subsequently,  many  manifestations  of  this 
dayside  energy  source  have  been  identified  and  studied  (Fas- 
yliunas,  1974).  Pronounced  ionospheric  characteristics  are  ele- 
vated e'ectron  temperature  [Jrace  and  Miller,  1974)  and  F 
region  irregularities  [Dyson  ant’  Winningham.  1974;  Ahmed  and 
Sagalyn.  1973).  Whalen  and  l ike  ) 1973)  related  the  F region 
irregularity  zone  to  the  occu.  rence  of  6300-A  emission,  a direct 
indicator  of  incident  low-energy  electrons. 

The  role  of  the  cleft  as  an  ionization  source  for  the  polar  cap 
is  a topic  of  current  study;  Knudsen  (1974)  discussed  the  plausi- 
bility of  this  in  terms  of  the  convection  pattern  in  the  polar 
cap.  But  a more  recent  study  [Knudsen  ei  al,  1975)  suggests 
that  the  ionospheric  residence  time  in  the  cleft  is  too  short  to 
provide  a significant  effect.  Whineker  (1976)  has  given  a de- 
tailed review  and  thorough  discussion  of  ionospheric  cleft 
effects. 
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The  Isis  2 spacecraft  offers  an  opportunity  to  measure  the 
cleft  particle  fluxes  and  ionospheric  response  at  1400  km  as 
well  as  topside  electron  density  profiles  and  F region  peak 
densities.  The  optical  emissions  at  6300,  5577,  and  3914  A can 
also  be  delected  with  the  on-board  photometers.  This  paper 
reports  upon  a detailed  and  coordinated  set  of  observations 
for  a few  orbits  in  November  1971.  This  period  was  chosen 
because  the  orbit  then  had  a suitable  local  time,  the  spacecraft 
was  in  cartwheel  configuration  for  good  measurements  of  local 
parameters,  and  the  polar  cap  was  reasonably  dark  for  optical 
viewing. 

Data  Acquisition 

A brief  description  of  the  instruments  and  a list  of  relevant 
references  has  been  given  by  Shepherd  el  al.  (1973).  For  this 
study  a period  of  cartwheel  configuration  was  chosen  (spin 
axis  perpendicular  to  the  orbit  plane)  in  order  to  obtain  the 
best  ion  data.  In  this  mode  a complete  scan  about  the  velocity 
vector  is  obtained  once  every  spin  (roughly  18  s).  In  addition,  a 
complete  pitch  angle  scan  is  obtained  with  the  particle  detec- 
tors. 

As  will  be  seen  in  the  data,  there  is  considerable  fine  struc- 
ture present  in  the  local  plasma.  For  this  reason,  caution 
should  be  exercised  in  comparing  the  results  from  experiments 
which  nominally  measure  the  same  parameter.  For  example, 
both  the  ion  mass  spectrometer  (IMS)  and  the  retarding  po- 
tential analyzer  (RPA)  measure  ion  density,  but  since  the 
sensors  are  located  about  90°  apart  on  the  spacecraft,  the 
'simultaneous'  samples  analyzed  are  separated  by  about  5 s in 
lime  and  35  km  in  space.  For  one  instrument  the  data  points 
are  separated  by  about  125  km.  Thus  what  sometimes  appears 
to  be  a discrepancy  in  the  density  profile  observations  along 
the  spacecraft  track  is  simply  a measure  of  the  fine-scalc  struc- 
ture of  the  ambient  medium.  This  is  to  be  contrasted  with  the 
local  density  determinations  provided  by  the  sounder,  which,  it 
is  estimated,  represent  a measurement  over  a scale  size  of 
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Fi*.  I Invariant  polar  projection,  showing  the  spacecraft  tracks 
labeled  by  orhit  number,  for  the  orbits  uses!  in  this  study.  The  regie*., 
of  deft  precipitation  ate  shown  by  the  thickened  traces. 


about  I km  and  which  arc  obtained  alternately  at  intervals  of 
100  and  300  km.  A farther  complication  is  that  the  existence  of 
sufficiently  rapid  local  variation  (which  often  occurs)  pre- 
cludes the  reduction  of  the  RI’A  current-voltage  curves  to 
determine  the  ambient  ion  temperature.  This  lack  of  continu- 
ous (once  per  spacecraft  rotation)  ton  temperature  data  should 
be  considered  in  interpreting  temperature  dilVerences  in  the 
various  regions. 

The  two-dimensional  mapping  capability  for  the  optical 
data  is  not  available,  since  the  scanning  occurs  repeatedly 
along  the  spacecraft  track  The  consequent  high  redundancy  of 
the  data  is  used  here  to  minimuc  the  delay  tune  between  the 
acquisition  of  the  optical  data  and  the  direct  measurements 
made  at  the  spacecraft  on  the  Held  line  connected  to  the 
emitting  region,  This  is  achieved  simply  by  selecting  optical 
data  from  the  single  spin  giving  the  minimum  time  delay  for 
the  center  of  the  cleft  region  It  was  also  possible  to  inspect 
adjacent  spins  to  confirm  that  temporal  variations  were  not 
significant.  The  individual  optical  data  points  arc  obtained  at 
■15  Hr  for  the  auroral  scanning  photometer  (AS!1)  and  30  Hr 
for  die  red  line  photometer  (RU*),  and  though  they  are  con- 
verted to  equivalent  spacecraft  time  for  the  plots  shown,  each 
is  obtained  m roughly  I s of  viewing  time,  so  that  it  ts  an 
Instantaneous  pattern  that  t\  presented. 

Data  I'm  si  station 

figure  I is  a polar  plot  in  invariant  coordinates,  showing  the 
paths  of  the  Isis  2 spacecraft  for  the  passes  uses!  in  this  study 
The  extent  of  the  cleft  precipitation  for  each  orbit  ts  shown  by 
the  thickened  portion  along  each  path  The  magnetic  times  for 
the  deft  crossings  vary  within  a range  of  a few  hours  following 
local  magnetic  noon. 

Orbit  iSI6 

Figure  2 shows, a composite  of  the  results  obtained  front 
orbit  2816  on  November  9,  1 97 1,  at  0947  UT  The  top  frame 
shows  the  soft  particle  spectrometer  (SI’S)  electron  data  m the 
format  described  by  Htikkila  amt  H'mnmgham  (1971).  The 
magnetic  local  time  and  invariant  latitude  are  shown  along  the 
top  of  this  frame,  attd  the  invariant  latitude  ts  hand  lettered 
below  for  clarity  The  second  frame  is  from  the  1 50-eV  elec- 
tron channel  of  the  energetic  particle  detector  (F'l'D)  expert 
meat  It  will  he  seen  later  that  the  cleft  electron  energies  are 
sometimes  sutTicicntly  low  to  he  entirely  below  the  threshold  of 
this  detector,  comparison  of  this  channel  with  the  SI’S  data 
thus  gives  a very  sensitive  indication  of  energy  spectral 
changes  In  this  particular  orbit  the  IT’D  channel  has  four  lltiv 


peak*.  The  most  equatorward  one  near  76,3®  invariant  is  the 
broadest  and  is  at  the  poleward  limit  of  a kcV  flux  continuum 
that  Marts  at  74.6®,  The  SI'S  shows  its  maximum  energy  flux 
centered  at  0,7  keV  in  this  feature.  The  three  more  poleward 
peaks  extending  to  78®  are  narrower  and  mote  discrete,  and 
the  SPS  shows  that  their  average  energy  softens  toward  0.2 
keV  with  increasing  latitude,  The  keV  flux  may  be  character- 
istic of  16.5  hours  magnetic  local  time,  w hich  is  rather  far  into 
the  afternoon  to  he  classified  as  a cleft  pass.  No  protons  were 
observed,  which  is  also  characteristic  of  the  late  afternoon 
sector.  The  other  orbits  to  be  shown  will  be  presented  in  order 
of  increasing  proximity  to  local  magnetic  noon. 

The  next  frame,  labeled  SDR  (sounder),  shows  the  local 
electron  density  obtained  at  1400  km  by  the  topside  sounder,  it 
is  sharply  peaked  in  its  latitude  distribution,  not  al  the  center 
of  the  cleft  precipitation  but  at  its  polew  ard  edge,  I ® of  latitude 
away  The  density  enhancement  in  the  vicinity  of  the  cleft  is 
about  a factor  of  3.  The  next  lower  frame,  labeled  IMS, 
contains  the  ton  mass  spectrometer  local  ton  densities,  show 
mg  a marked  O’  response  over  the  enure  region  of  energetic 
electron  energy  input.  Since  the  IMS  has  been  mtcrcalibrated 
against  the  SDR,  the  dtfl'crcnces  between  the  two  are  unex- 
pected. Closer  examination  of  individual  data  points  shows 
that  the  single  high  point  in  the  SDR  local  density  was  taken 
dose  to  an  lil’D  (and  SI’S)  flux  peak,  while  the  closest  IMS 
point  was  m the  trough  between  two  electron  flux  peaks.  This 
point  will  he  discussed  later  The  O’  density  drops  sharply  at 
the  poleward  cleft  boundary,  beyond  which  He  becomes  the 
dominant  ion.  with  several  times  the  density  of  H*.  Through- 
out this  region  (the  polar  cap)  the  O*  is  virtually  absent,  and 
below  the  threshold  of  the  IMS,  a few-  tons  per  cubic  centime- 
ter The  thickened  base  line  of  this  frame  indicates  the  region 
where  polar  wind  flows  of  H*  ions  arc  observed  by  the  IMS  to 
he  greater  than  I km's  The  flow  ts  seen  to  occur  throughout 
the  O’  enhancement  region.  The  next  lower  frame  (SDR) 
shows  the  electron  densities  measured  al  the  F rt  gion  peak  and 
indicates  variations  of  the  order  of  50%  m t1  region  of  the 
cleft  energy  source 

The  bottom  frame  contains  the  optical  emission  rates  for  the 
6300-  and  5577-A  lines,  obtained  from  a single  spin  as  de- 
scribed earlier  Multiple  peaks  are  evident,  superimposed  on  a 
background  that  rises  in  the  equatorward  direction  in  response 
to  local  twilight  I he  most  equatorward  peak  is  strongest,  at 
76.3®  invariant.  In  it  the  5577-A  intensity  exceeds  that  at  63(30 
A,  and  this  corresponds  well  to  the  equatorward  flux  peak  with 
average  energy  near  0 7 kcV.  The  adjacent  poleward  peak  has 
roughly  equal  5577-A  and  631X3- A intensities  and  seems  to 
correspond  to  the  narrow  pair  of  electron  flux  peaks  at  77,0® 
invariant,  which  are  unresolved  tn  this  viewing  geometry  A 
weak  peak,  still  further  poleward  at  77.8®  invariant,  corre- 
sponds to  the  very  narrow  0.2-kcV  fluv  seen  there  These 
multiple  features  appear  to  he  auroral  arcs,  which  are  charac- 
teristic of  the  late  afternoon  sector  (SAcpAen/  el  al . 1976) 

Orbit  iSi  ■ 

This  pass  occurred  November  10,  1971,  at  0638  UT  amt  a 
local  magnetic  time  of  14  5 hours,  the  composite  data  are 
shown  in  Figure  3 As  m orbit  2816,  there  is  a lower-latitude 
ke\  flux  continuum  from  750®  to  78  2®  invariant,  while  the 
discrete  features  extend  as  far  as  79  o®  (Note  the  SI’S  data 
absence  due  to  command  sequencing  near  77  4®.)  The  more 
poleward  region  of  precipitation  ts  characterized  by  narrow 
discrete  fluxes  hacmg  acerage  energies  of  %0  2 ke\ , the  two 
most  jvle ward  fcatutes  hacmg  energies  below  the  I PD  thresh- 
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old.  Both  the  SPS  and  the  EPD  fluxes  show  periodic  minima  at 
about  I8-s  intervals  due  to  scanning  through  the  atmo- 
spheric loss  cone;  the  times  of  downward  viewing  are  shown  by 
the  series  of  short  vertical  arrows  in  the  figure.  The  small  EPD 
flux  peaks  poleward  of  7?.2°  invariant  arise  from  sunlight,  and 
these  ‘sun  pulses’  are  manifested  in  the  SPS  spectrogram  as 
weak  vertical  bars.  A weak  proton  flux  (not  shown)  ended  at 
0640:4$,  at  about  the  same  time  as  the  termination  of  the 
electron  flux. 

Again  in  this  pass  the  SDR  local  density  has  an  isolated 
peak  density  about  twice  that  shown  by  the  IMS  for  which  the 
O4  density  is  again  relatively  uniform  across  the  precipitation 
region.  The  solid  circle  (the  only  point  not  visible  as  a discon- 
tinuity in  slope  in  the  straight  line  connection  of  discrete  points 
used  here)  on  the  dashed  curve  just  prior  to  the  SDR  peak  is  a 
second  consistent  high-density  point,  suggesting  that  the  ex- 
planation offered  before  of  a chance  high  flux  coincidence  may 
be  inadequate.  In  a stream  of  5 X I0”1  electrons  enr’  s'1  of 
100-eV  energy  the  number  density  is  about  10*  el  cm'*.  This  is 
only  I order  of  magnitude  below  the  ambient  densities,  and  the 
ionospheric  response  to  this  charge  input  may  involve  electric 
fields  and  waves  that  affect  the  electron  and  ion  measurements 
differently.  In  addition,  the  SDR  samples  a 1-km  region 
around  the  spacecraft  and  is  therefore  much  more  likely  than 
the  IMS  to  be  within  sampling  range  of  one  of  the  discrete  flux 
regions. 

As  in  the  previous  example,  the  O*  drops  sharply  M the 
poleward  boundary,  with  a ',;ght  tail  extending  to  83.0°  in- 
variant in  this  case,  beyond  which  He’  becomes  the  dominant 
ion.  The  H * flow  shows  a slight  break  near  its  equatorward 
edge.  The  F region  peak  density  has  a significant  response  to 
the  largest  EPD  peak,  which  also  coincides  with  the  peaking  of 
a broad  optical  emission  having  a red/green  ratio  of  about  4. 
There  is  a narrow  equatorward  flux  peak  with  a red/green 
ratio  of  2.5  that  coincides  with  the  0.7-keV  flux  peak  at  77.1° 
invariant.  The  630Q-A  emission  is  the  stronger  of  the  two  at  all 
latitudes,  and  this  reddening  may  be  attributed  to  closer  prox- 
imity to  magnetic  noon. 

Orbit  2814 

The  data  from  this  orbit,  shown  in  Figure  4,  were  taken  two 
orbits  prior  to  that  of  Figure  2,  November  9, 1971 , at  0600  UT 
with  a magnetic  local  lime  of  14.1  hours.  There  is  a keV  flux 
continuum  present  from  76.0°  to  79.0°  invariant,  with  intense 
flux  bursts  at  79.4°,  78.9°,  and  79.6°  invariant  extending  in 
energy  from  0.1  to  1 keV.  Equatorward  of  these  bursts  there 
are  several  others  centered  near  0. 1 keV  and  one  very  narrow 
intense  flux  at  77.6°  having  energies  from  5 to  100  eV,  evident 
only  in  the  SPS  spectrogram.  A weak  proton  flux  ended  at 
0603:00  UT.  Both  the  SDR  density  and  the  IMS  O*  density 
show  a double-peaked  response  to  these  distinct  regions  of  =<  1- 
keV  precipitation  (there  is  an  SPS  data  absence  near  the  equa- 
torward peak),  and  the  absolute  density  values  agree  as  well. 
This  shows  that  the  differences  between  the  electron  and  ion 
densities  seen  in  other  orbits  do  not  arise  from  a consistent 
error  such  as  in  calibration,  it  is  also  appropriate  to  note  here 
that  these  apparent  differences  between  electron  and  ion  den- 
sities do  not  occur  at  lower  latitudes;  they  are  a polar  cap 
phenomenon 

For  this  orbit,  RPA  densities  and  temperatures  were  also 
available  and  are  shown.  Apart  from  the  region  near  79.0° 
these  densities  generally  agree  with  the  SDR  densities,  but  the 
temperature  resul's  are  surprising  at  first  sight,  showing  values 
below  2000°K  in  the  region  of  energy  input  and  nearly  50C0°K 


in  a narrow  region  just  at  the  poleward  cleft  boundary.  But  a 
numerical  model  of  topside  dynamics  (J.  H.  Whitteker,  unpub- 
lished manuscript,  1976)  accounts  for  this  behavior  as  adia- 
batic heating  of  the  ions  when  the  poleward  converting  topside 
ionosphere  collapses  as  a result  of  the  drop  in  electron  temper- 
ature when  the  convecting  plasma  leaves  the  region  of  precipi- 
tation. Further  in  the  polar  cap,  high  values  of  about  3500°K 
are  observed.  The  RPA  also  indicated  the  presence  of  wavelike 
plasma  structures  from  0601 :20  to  0603;  1 1 UT  (the  region  of 
precipitation)  and  again  at  0606:35  (in  the  polar  cap  region  of 
high  ion  temperature).  In  the  IMS  data,  He4  again  becomes 
dominant  poleward  of  the  cleft,  although  O4  reappears  in  the 
ion  temperature  enhancement  at  0606.  Again,  the  H4  flows 
follow  the  O4  enhancement  region. 

The  F region  peak  densities  show  a curious  weak  depression 
in  the  cleft  region.  There  are  again  two  well-defined  optical 
peaks,  the  equatorward  one  being  more  intense,  at  2.5  kR  of 
6300-A  emission.  Unlike  the  two  preceding  orbits,  it  has  the 
higher  optical  red/green  ratio  and  appears  to  correspond  to 
the  very  narrow  intense  SPS  feature  at  77.6°  mentioned  earlier, 
which  occurred  when  the  SPS  was  sampling  pilch  angles,  6„,  in 
the  downcoming  (precipitating)  loss  cone.  The  poleward  fea- 
ture appears  to  correspond  to  the  unresolved  features  at  78.2° 
and  78.7°. 

Orbit  2928 

These  data,  obtained  November  18,  1971,  at  0600  UT  and 
shown  in  Figure  5,  are  dramatically  different  from  the  preced- 
ing examples.  They  are  taken  closer  to  magnetic  noon,  at  13.8 
hours,  which  may  be  a partial  explanation.  The  flux  measured 
by  the  SPS  is  less  structured  and  spreads  over  a broader 
region,  while  the  absence  of  any  significant  EPD  response 
shows  that  the  energies  involved  are  much  lower.  The  weak 
proton  flux  terminates  at  0602:30,  at  the  same  location  as 
the  electrons.  There  is  a rising  base  line  level  in  the  5-eV 
threshold  level  that  makes  the  electron  energy  appear  higher 
than  it  actually  is  in  the  poleward  region.  The  SDR  local 
density  peaks  at  the  poleward  boundary,  wiih  much  larger 
densities  present,  about  4000  cm*’  compared  to  typically  800 
cm'*  in  tne  previous  examples.  The  precipitating  energy  flux 
does  not  have  instantaneous  values  exceeding  those  of  pre- 
vious orbits,  about  I erg  enr*  sr1  s*1.  The  O*  response  is 
similar  to  the  SDR  response,  rising  gradually  through  the  cleft 
region  and  dropping  abruptly  at  the  poleward  boundary,  well 
beyond  the  region  of  maximum  energy  input.  The  He4  and  H4 
densities  (multiplied  by  10  on  the  plot)  are  not  much  affected 
by  this  substantial  increase  in O4,  except  that  H4  now  exceeds 
He4 , and  the  light  ions  are  not  dominant  in  the  polar  cap.  The 
H4  flows  are  found  throughout  the  region  with  the  maximum 
velocities  at  the  poleward  side,  where  the  04  concentration  is 
lowest.  The  F region  densities  may  be  affected  by  the  energy 
input,  though  one  cannot  be  certain.  The  optical  responses  are 
dramatic,  with  a feeble  5577-A  response  in  contrast  with  a 
6300-A  emission  rate  of  about  4 kR  above  background.  One 
can  still  imagine  a double-peaked  structure  with  no  green 
component  at  all  in  the  poleward  peak  and  only  a weak  one  in 
the  equatorward  features.  The  region  of  bright  6300-A  emis- 
sion has  sharply  defined  boundaries,  at  74.7°  and  79.0°  in- 
variant, with  an  extension  into  the  polar  cap  not  seen  on 
earlier  passes.  The  red/green  ratio  measured  above  back- 
ground appears  to  be  about  8.  All  of  this  is  consistent  with  a 
dramatic  softening  of  the  total  energy  input,  producing  a large 
increase  in  6300-A  emission  and  much  enhanced  04  densities 
at  the  spacecraft 
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Fig.  6.  Further  Itli  2 d»U  from  orbit  2920  («*<  Fl»urc  5 alto) 
containing  CEP  measurements  of  elct'ron  density  and  temperature, 
computed  with  RPA  ion  demities  and  cmpcraturei. 


The  electron  densities  at  the  spacecruft  are  sufficiently  high 
to  permit  electron  temperature  values  to  be  obtained  with  the 
cylindrical  electrostatic  probe  (CEP).  This  wus  not  possible  in 
the  orbits  previously  shown  because  the  spacecraft  was  in 
sunlight  (producing  photoelectrons)  and  (he  ionosphere  wus 
dark,  yielding  low  densities.  The  results  are  shown  in  Figure  6, 
along  with  those  obtained  front  the  RPA.  Both  the  RPA  and 
the  CEP  show  a sharp  response  in  plasma  density  about  at 
0601  UT,  at  the  center  of  the  region  of  energy  input,  The  RPA 
densities  are  in  accord  with  those  obtained  from  the  SDR  and 
the  IMS,  and  apart  from  one  high  point  ut  0601:40,  with  the 
CEP  densities  as  well.  The  SDR  electron  density  peaks  at  the 
same  location  as  does  the  CEP-measured  electron  density, 
though  at  a lower  absolute  value,  The  electron  temperature 
shows  little  variation  poleward  of  the  cleft,  at  about  3500° K, 
while  the  ion  temperature  shows  a pronounced  rise,  to 
7000°K,  poleward  of  the  cleft,  as  seen  before  in  orbit  2814  and 
explained  us  adiabatic  collapse  heating. 

Fine  structure  in  the  plasma  density  is  present  sporadically 
during  this  pass.  An  example  of  the  wavelike  structure  is 
mown  in  Figure  7,  which  shows  2 s of  data  obtained  simulta- 
neously by  the  CEP  and  by  the  RPA.  The  lower  curve  is  the 
current  to  the  cylindrical  probe  when  it  was  held  at  a constant 
+4-V  potential  with  respect  to  the  spacecraft.  The  upper  curve 
is  the  ion  current  observation  from  the  RPA  when  the  sweep 
voltage  change  was  not  causing  a significant  change  in  the 
magnitude  of  the  current.  Some  of  the  fine-scale  structure  is 
present  in  the  same  phase  relationship  in  the  two  signals,  This 
‘inplies  a modulation  of  the  local  plasma  density  (both  ions 
mil  electrons)  in  botli  space  und  time.  Note  that  some  of  the 
fine  structure  in  the  electron  dula  has  extremely  sharp  bound- 
tries,  appearing  as  discontinuities  m the  current,  whereas  the 
:orresponding  boundaries  in  the  ion  data  are  often  not  so 
.harp.  The  RPA  instrument  lime  response  is  adequate  to  fol- 
ow  the  current  changes  as  shown  in  the  electron  data.  Thus 
lie  differences  are  real  and  presumably  arise  from  the  lono- 
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Pig.  7.  Ion  amt  electron  currents  measured  by  the  tsis  2 RPA  and 
CEP  for  2 s at  0600: 18  UTon  November  18,  1971,  showing  the  small- 
scale  structure  present  in  the  plasma.  The  current  to  the  CEP  (primar- 
ily electrons)  is  meusuted  with  the  sweep  voltage  held  constant  at  +4  V 
with  respect  to  the  spacecraft.  Current  tu  the  RPA  (primarily  Ions)  is 
measured  with  the  retarding  vultage  sweeping  at  a rate  very  slow 
compared  to  the  scale  times  of  the  structure  detected. 


spheric  response  to  the  precipitating  electrons,  us  conjectured 
for  the  apparent  differences  in  SDR  and  IMS  densities.  The 
fractional  changes  in  density  for  the  two  species  are  noticeably 
different,  the  fluctuations  in  the  ion  current  being  larger  than 
the  corresponding  fluctuation  in  the  elecir-n  current.  This  may 
be  u further  indication  thut  the  ion  plusmu  wus  the  driven,  or 
excited,  component  receiving  its  stimulus  from  the  energetic 
electrons  present  in  the  region.  A more  complete  survey  of  the 
small-scale  structures  in  the  cleft  region  will  be  the  subject  of  a 
separate  study. 

Orbit  2916 

This  orbit,  at  ISA)  hours  magnetic  time,  is  shown  here  be- 
cause it  has  characteristics  similar  to  those  of  orbit  2928,  even 
though  its  magnetic  lime  is  similar  to  the  times  of  the  first  three 
orbits  presented.  It  was  acquired  on  November  17,  1971,  at 
0717  UT,  and  the  data  arc  shown  in  Figure  8 The  SPS  shows  a 
fairly  compact  region  with  energies  below  300  eV  and  with 
little  prominent  structure.  There  is  u weak  EPD  response  to 
'-79°  invariant  and  only  sun  pulses  thereafter.  The  weak  pro- 
tor.  flux  end*  at  0718: 20  UT  somewhat  before  the  electron  flux 
disappears.  The  SDR  local  density  ugain  is  peaked  near  the 
poleward  boundary  and  trails  oil'  far  into  the  polar  cap,  to 
83.3°  invariant.  The  O*  peak  from  the  IMS  is  also  sharply 
peaked  with  a density  of  about  half  that  of  the  sounder.  In  a 
fashion  not  inconsistent  with  the  SDR  densities  the  0‘  density 
shows  a smaller  but  significant  (300  ions  cm  ’)  level  up  to 
83.3°  invariant  as  well,  substantially  poleward  of  the  poleward 
boundary  of  precipitation.  The  characteristic  rise  of  lie*  does 
not  occur  until  this  point  is  readied.  The  11  • Hows  are  found 
again  throughout  the  region  of  O'  enhancement,  flic  F region 
density  sitows  a pronounced  cleft  response  m the  same  loca- 
tion as  the  local  electron  density  peak.  The  6300- A optical 
emission  shows  four  distinct  regions  that  can  be  identified  with 
SI’S  flux  regions,  the  cquiuorwnrd  component  at  2.5  kR  being 
the  most  intense  The  spike  of  5577-A  emission  cannot  be 
associated  with  a flux  feature  and  appears  to  tie  transient 
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Discussion 

All  of  the  datu  shown  here  were  obtained  by  relatively  low 
levels  of  geophysical  activity,  from  orbit  2916  (Kp  ■ Oo)  to 
2928  (Kp  « 2-),  the  other  three  having  Kp  values  of  1-.  The 
AE  values  order  the  orbits  differently,  from  2916  (/t£  - 20)  to 
2816  (At:  - 79).  However,  for  orbit  2928  (AE  “ 45)  the  AE 
value  was  261  some  2 hours  earlier,  so  some  of  the  distinct 
characteristics  of  the  puss  may  result  from  earlier  substorm 
activity. 

From  the  interplanetary  magnetic  field  (IMF)  data  provided 
by  King  (1975)  and  Fairfield  and  Ness  [1974)  one  finds  that  the 
interplanetary  field  turned  from  toward  to  away  at  14  hours  on 
November  8 and  has  remained  so  until  late  on  November  10, 
which  includes  the  first  three  orbits  presented,  2816, 2827,  and 
2814.  The  following  towards  sector  continued  until  November 
22,  which  includes  the  lust  two  orbits,  2928  and  2916.  There 
arc  some  datu  gaps  in  the  intervals  described,  so  the  boundary 
crossings  identified  do  not  meet  the  criteria  of  Wilcox  el  ai 
(1975),  but  provided  no  rapid  changes  occurred,  the  identi- 
fications given  here  should  be  valid. 

Thus  the  pronounced  differences  between  the  characteristics 
of  the  two  groups  of  orbits  and  the  consistency  within  each 
group  suggest  that  the  IMF  infiucnccs  the  pattern  of  the  clefi 
precipitation  and  the  behavior  of  the  cleft  ionosphere.  For  the 
toward  orbits  the  electron  precipitation  is  of  lower  energy, 
exhibits  less  latitudinal  structure  extended  over  a broader  re- 
gion, and  is  located  at  u higher  invariant  latitude,  extending 
poleward  of  80°.  (For  orbit  2915,  not  described  here,  the  flux 
extends  to  83°  invariant.)  The  data  analysed  here  are  rather 
limited  for  such  generalized  conclusions,  but  Tttherldge  [1976) 
analyzed  a very  large  body  of  topside  ionosphere  datu  and 
concluded  that  during  toward  sectors  the  cleft  response  is 
located  at  higher  latitudes  and  is  broader  than  during  away 
sectors.  For  the  away  orbits  described  here  the  electron  precip- 
itation is  confined  to  a narrow  latitude  region,  is  highly  struc- 
tured, and  contains  distinct  regions  ofkcV  Duxes  and  0.2-keV 
electrons.  In  two  of  the  three  cases  the  0.2-kcV  precipitation 
was  seen  as  narrow  discrete  fiux  regions  on  the  poleward  side 
of  the  kcV  precipitation,  but  in  the  other  case  a single  intense 
5-  to  100-eV  fiux  region  appeared  near  the  center  of  the  kcV 
Dux  region. 

We  consider  now  the  differences  in  ionospheric  behavior. 
For  the  away  orbits  the  O’  density  measured  at  1400  km 
closely  follows  the  electron  precipitation,  showing  its  rapid 
upward  diffusion  above  the  region  of  production;  it  is  also  a 
icgion  of  strong  upward  H*  polar  wind  Dow,  It  may  be  that 
these  cleft-associated  fiows  arc  related  to  those  observed  in  the 
plasma  mantle  [Kosenbuuer  et  ai.,  1975).  The  O'  disappears 
rapidly  at  the  poleward  boundary,  implying  the  absence  of 
poleward  convection,  or  more  likely,  convective  Dow  parallel 
to  the  cleft,  the  existence  of  which  has  been  shown  by  II  eel  is  el 
al.  [1976]  and  by  Jeffries  el  ai  [1975).  In  orbit  2814  the  rise  in 
ion  temperature  immediately  at  the  poleward  boundary  sup- 
ports this  idea  of  minimal  convection  perpendicular  to  the 
oval.  The  appearance  of  He'  us  the  dominant  ion  in  the  polar 
cap  is  consistent  with  the  lack  of  polar  wind  flow  observed 
there  for  these  orbits.  This  may  be  characteristic  of  the  winter 
polar  cap.  For  the  toward  orbits  the  O'  is  clearly  seen  well 
poleward  of  the  region  of  precipitation,  consistent  with  a 
strong  convective  flow  perpendicular  to  the  oval.  The  rise  m 
ton  temperature  also  occurs  considerably  poleward  of  the  pre- 
cipitation region. 

Another  possibility  is  that  the  convective  elfects  described 
are  determined  solely  by  proximity  to  local  magnetic  noon. 


This  docs  not  appear  to  be  the  case,  because  the  times  of  13.8 
and  1 5.0  hours  for  the  toward  orbits  overlap  those  of  the  away 
orbits  at  14.1,  14.5,  und  16.5  hours.  On  the  othei  hand,  if  the 
effect  of  the  IMF  were  to  shift  the  convective  pattern  in  local 
time,  then  a shift  of  about  I hour  would  remove  the  overlap. 
This  is  consistent  with  the  behavior  described  by  Heppner 
[1972),  where  a dusk-to-dawn  IMF  (equivalent  to  toward) 
shifted  the  convective  flow  toward  the  afternoon  side  in  the 
northern  hemisphere.  Heelis  et  ai  [1976)  have  extended  Hepp- 
ner’s  one-dimensional  dawn-dusk  measurements  by  obtaining 
from  the  AE-C  satellite  two-dimensional  ion  flows  near  the 
cleft.  They  also  find  a tendency  for  the  flow  within  the  polar 
cap  to  be  preferentially  directed  to  either  the  morning  side  or 
the  evening  side  in  the  five  cases  that  they  examined. 

Conclusions 

1 . The  electron  energy  speetrur  varies  dramatically  over 
the  latitude  range  of  the  cleft,  with  distinct  components  near 
0.7  keV  and  0,2  kcV.  The  0.7-kcV  components  tend  to  be  on 
the  cquatorward  side,  with  narrow  discrete  0.2-kcV  flux  re- 
gions at  the  poleward  boundary,  but  the  0.2-kcV  discrete 
regions  can  also  be  contained  within  the  region  of  more  ener- 
getic precipitation.  The  above  pattern  was  observed  during  an 
IMF  away  sector,  in  which  the  region  of  cleft  precipitation  was 
also  more  confined  in  latitude  und  was  below  80°  invariant. 
During  a toward  sector  the  precipitating  electrons  were  all 
close  to  O.l  kcV  and  formed  a less  structured  pattern  that  was 
broader  in  latitude  and  extended  poleward  of  80°  invariant. 

2.  The  proton  input  is  not  a significant  energy  source  for 
the  ionospheric  characteristics  described  here. 

3.  Al  1400  km  the  O*  density  is  enhanced  to  a few  hundred 
ions  per  cubic  centimeter  over  the  region  of  cleft  precipitation, 
and  for  an  away  sector  it  falls  sharply  at  the  poleward  bound- 
ary. For  a toward  sector  the  O'  was  observed  inside  the  polur 
cap,  well  beyond  the  region  of  electron  energy  input.  These 
differences  are  attributed  to  convective  flows  parallel  to  and 
perpendicular  to  the  auroral  oval. 

4.  For  some  data  points  the  electron  densities  measured  by 
the  topside  sounder  arc  a factor  of  2 or  3 larger  than  the  O' 
densities  measured  nearby.  This  may  be  due  to  the  pronounced 
structure  in  the  electron  fluxes  and  the  consequent  ionospheric 
response  to  the  charge  input  combined  with  the  larger  sam- 
pling volume  of  the  sounder.  In  the  one  case  of  very  high 
ionospheric  densities  the  electron  and  ion  densities  were  in 
agreement.  The  same  ionospheric  response  may  be  responsible 
for  the  plasma  waves  detected  by  the  RPA  und  CEI’. 

5.  Throughout  the  region  of  cleft  O'  enhancement,  polar 
wind  flows  of  H ' exceeding  I km/s  are  observed.  These  termi- 
nate at  the  poleward  cleft  boundary,  where  the  O'  vanishes 
and  He'  becomes  the  dominant  polar  cap  ion  at  1400  km, 
about  three  times  more  abundant  than  H\ 

6.  The  ion  temperature  rises  at  the  poleward  cleft  bound- 
ary when  the  perpendicular  convective  flow  is  weak  and  rises 
well  beyond  the  boundary  when  the  flow  is  rapid. 

7.  The  5577- A and  6300-A  emissions  are  good  indicators 
of  the  keV  and  eV  fluxes,  respectively  Frequently,  a charac- 
teristic double  hump  structure  is  evident,  the  poleward  one 
corresponding  to  the  0.2-kcV  electrons  and  the  cquatorward 
one  having  a red/green  ratio  nearer  unity  Hut  one  optical 
peak  can  correspond  to  more  than  one  electron  flux  peak,  and 
additional  weaker  optical  peaks  arc  also  observed,  l or  the 
toward  sector,  with  strong  0.1  -keV  fluxes,  the  red  green  ratio 
reached  a value  of  8. 

8.  The  t region  peak  density  showed  little  response  to  the 
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eltft  energy  source,  but  in  some  cases  » factor  of  2 enhance- 
ment was  discernible. 
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ROCKET-BORNE  MEASUREMENTS  OF  THE  DAYS  IDE  CLEFT  PLASMA:  THE  TOROO  EXPERIMENTS 

12  3 S 

J.  D.  Wlnnlnghas,  T.  V.  Spelter,  E.  V.  Hones,  Jr.,  R.  A.  Jeffries, 

W.  H.  Roach,  D.  S.  Evans,  and  H.  C.  Stenbaek-Nlelsen-* 


Abstract.  Results  are  presented  from  low-energy 
plasm*  analyzers  (12  eV  to  12  ktV)  carried  on 
two  rockets  launched  Into  the  dayslde  cleft 
during  January  1975.  We  conclude  that  (1) 

atmospheric  Interaction  becomes  Important  for 
<l-keV  electrons  at  approximately  250  km,  (2) 
characteristics  of  particles  in  ‘Inverted  V‘s‘ 
observed  In  the  afternoon  cleft  are  consistent 

with  their  interpretation  as  being  due  to 

parallel  electric  field  acceleration  from  a 
constant  source  population,  and  (3) 
magnetosphorlc  ‘energetic*  (>2  keV)  electrons 
intermingle  with  'magnetosheathltke'  plasma  In 
the  cleft. 

Introduction 

The  past  two  years  have  marked  a dramatic 
upsurge  In  sounding  rocket  launches  into  the 

low-altltude  cleft  region.  Prior  to  1971  only 
four  Instrumented  rocket  payloads  (Maynard  and 
Johnstone,  1974 ; Led  ley  and  Farthing,  1971) 
and  one  thermite  barium  rolease  (Mlkkelson  and 
Jorgensen,  1971)  had  beun  launched  Into  or  In 
tTwvTVTnUy  of  the  cleft.  The  Instrumented 
paylosds  were  launched  from  Hall  Beach, 
Northwest  Territories  (A-  79.7*),  on  March  15, 
18,  19,  and  22,  1971,  and  the  barium  release 

from  Sondre  Stromfjord,  Greenland  (A"  71.5°),  on 
December  10,  1972. 

In  contrast,  from  June  1971  to  November  1975, 

15  rockets  were  fired  In  the  cleft  region  from 
launch  sites  at  Cape  Parry,  Northwest 
Territories,  Canada,  and  Sondre  Stromfjord, 
Greenland,  Ungs trup  at  al.  (1975a)  reported 
results  from  two 'rockets  launched  from  Greenland 
In  July  1971;  these  payloads  were  more 
comprehensive  than  their  predecessors  as  they 
included  particle  spectrometers,  dc  electric  and 
magnetic  probes,  and  thermal  plasma  sensors. 
During  December  1974  through  January  1975,  two 
major  campaigns,  totaling  11  rockets,  were 
executed  in  Canada  (Cape  Parry,  Northwest- 
Territories, A » 74,5°)  and  Greenland  (Sondre 

Stromfjord),  These  launchings  Included 
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extensive  plasma  and  field  Instrumentation, 
optical  sensors,  shaped  charge  barium 
Injections,  and  lithium  releases  (Haercndel . 
1975!  Torbet  et  al..  1975;  UnRStrup  et  al., 
1975b j Temerln  et  al..  1975;  Shophcrd  et  al.. 
1975,  1976;  Winnlnghan  et  al»,  1975a;  Wescott  ct 
al.,  1975;  ~Stcnbaek-Nlelaen  ct  at..  1975; 
Jcfrfrtoa  et  al.,  1975;  Torbet  and  Carlson, 
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Another  series  consisting  of  two  rocket 
launches  was  completed  during  November  1975  at 
Cape  Parry.  These  vehicles  Included  particle 
detectors,  barium  lined  shaped  charges,  plasma 
drift  detsetors,  and  energetic  parttcle  sensors. 

In  this  paper  we  will  present  results  from 
the  soft  parttcle  spectrometer  (SPS)  (Helkklla 
et  at..  1970)  Instruments  carried  as  an 
environmental  monitor  on  Tordo  Ihto  and  Dos.  The 
Tordo  Uno  and  Dos  programs  were  designed  by  the 
Los  Alamos  Scientific  Laboratory  and  the 
University  of  Alaska  Geophysical  Institute,  and 
the  rockets  were  launched  from  Cape  Parry  by  the 
Sandla  Laboratories  on  January  6 and  11,  1975, 
2349102  and  0025:02  UT,  respectively. 


Instrumentation 

The  primary  objective  of  the  Tordo  campaign 
was  the  Injection  of  barium  ions  Into  the 
low-altltude  cleft  (initial  results  from  the 
shaped  charge  barium  releases  are  described  in 
the  paper  by  Jeffries  et  al,  (1975)).  In 
addition  to  the  shaped  charge,  a low-  energy  (12 
eV  to  12  keV)  plasma  analyzer  (SPS)  similar  to 
the  one  on  the  lsls  1 and  2 satellites  (Helkklla 
et  al . . 1970)  was  carried  as  a monitor  to  locate 
the  detonation  point  relative  to  the  cleft.  For 
proper  barium  Injection  payloads  were  actively 
stabilized  In  relation  to  the  local  magnetic 
field,  the  result  being  a unique  SPS  pitch  angle 
of  45°,  The  SPS  concurrently  measured  the 
differential  energy  spectrum  of  both  electrons 
and  positive  Ions  In  15  logarithmically  spaced 
steps  from  12  eV  to  12  keV  every  3.2  s.  In 
addition,  there  was  a sixteenth  step  at  zero 
i energy  to  monitor  the  background  count  rate. 
Each  energy  level  was  held  for  0.2  s,  and  the 
count  rate  was  sampled  eight  times  during  this 
period,  Hultiple  sampling  was  employed  In  order 
to  evaluate  possible  tcmporal/spattal  aliasing 
occurring  during  the  3.2  s required  to  complete 
a stepping  sequence. 

The  energy  band  pass  of  the  SPS  was  set  at 
i 321  (being  a divergent  electrostatic  lens,  the 
SPS  resolution  Is  determined  by  a field  stop), 
and  the  geometric  factor  (not  Including  the 
energy  band  pass)  was  8.6  x 1(>  cm*  sr.  In 
order  to  match  the  energy  band  passes  at  full 
. width  at  half  maximum  (FVIIM),  22  logarthraical  Iv 

, si,  J-  US-  Qo«,nm*"'  >*  euthoHjed  to  mproduc.  «nd  toll  this  r*port. 
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spaced  steps  would  be  required  Instead  of  the  IS 
used  on  these  flights. 

The  energy-analysed  particles  were  detected 
by  14-stage  RCA  discrete  dyncda  electron 
multipliers  (Bunting,  et  si.,  1972),  and  the 
subsequent  pulses  were  amplified  by  high  gain 
bandwidth  amplifiers  (Smith,  1972). 
Postacceleration  w*»  employ*!  to  Increase  the 
detection  efficiency  of  the  multipliers  at  low 
energies.  The  pulse  train  from  each  amplifier 
was  logj  compressed  and  stored  for  subsequent 
telemetry  to  the  ground. 

Magnetic  Cotditions 

Tordo  Uno  was  launched  on  January  6,  1975,  at 
2349t02  UT  (approximately  1330  magnetic  local 
time),  Thn  Kp  value  for  the  3-hour  period 
including  Che  flight  waa  6+  and  for  the 
following  period  waa  t>-.  Figure  la  givea  All  and 
Al  for  the  6-hour  period  bracketing  the  Tordo 
Uno  flight.  It  ahouJd  bo  noted  that  the  AE 
index  ahown  la  basec  on  the  atandard  11  auroral 
tone  atationa  plus  data  from  an  additional  8 
stationa  in  Greenland  (courtesy  of  T.  S. 
Jorgensen)  and  Scandsnavla  (courtesy  of  R.  S. 
Pel  linen).  Inspection  of  Figure  la  indicates 
that  the  magnstoaphere  wma  in  en  extreme  state 
of  agitation  during  this  6-hour  period,  During 


Fig,  la.  AU  and  AL  indices  for  January  6, 
1975,  The  auroral  index  is  constructed  of 
the  atandard  11  auroral  zone  stations  plus 
an  additional  S stations  on  the  nlghtslde 
in  Greenland  and  Scandauavla. 


the  flight,  AE  was  ee  large  as  750Y.  Solar  wind 
magnetic  field  data  were  not  available  for  this 
period. 

Tordo  Dot  wee  launched  on  January  11,  1975, 
at  0025:02  UT  (approximately  WOO  magnetic  local 
time) . The  two  days  encompassing  the  Tordo  Doe 
flight  were  relatively  quiet;  January  10  was  a Q 
day  and  January  11  was  a QQ  day.  The  Kp  value 
for  the  last  3-hours  of  Jsnuary  10  was  1+,  and 
for  the  first  3-hours  of  January  11  the  Kp  value 
was  2.  Examination  of  Figure  lb  shows  that 
magnetic  activity  wee  weaker  end  more 
representative  of  classical  substorm  morphology 
during  the  6-hour  period  bracketing  Tordo  Dos 
than  during  Tordo  Uno.  The  flight  of  Tordo  Doe 
occurred  during  the  recovery  phase  of  a small 
high-latitude  aubstorm  (maximum  AE  « 250T). 

Interplanetary  magnetic  field  date  from  Imp  8 
were  available  during  the  Tordo  Doe  flight  and 
are  presented  in  Figure  2.  The  IMF  went 
southward  at  2216  UT  on  January  10  and  remained 
southward  or  close  to  xero  until  0102  on  Ja.uiaty 
11,  when  it  became  positive  again,  A morn 
detailed  description  of  the  motion  of  the  cleft 
and  its  relation  to  the  IMF  during  January  10 
and  11  can  he  found  in  the  work  of  Stiles  et  al. 

( 1977). 

Experimental  Results 

Tordo  Uno.  As  was  mentioned  in  the  previous 
section,  tordo  Uno  was  launched  during  a period 
of  prolonged  magnetic  activity.  Examination  of 
the  bottomalde  sounder  records  from  Cape  Parry 
and  Sachs  Harbour  (see  Jeffries  et  al.  (1975) 
and  Stiles  et  al.  (1977)  for  a more  complete 
deacriptton)  Indicated  that  the  equatorward  edge 
of  the  cleft  was  south  of  Cape  Parry,  The 
general  characteristics  of  the  ionograms 
indicated  precipitation  of  particles  at  both 
Parry  and  Sachs,  A*  a result  of  the  above 
consideratlooa  a decision  was  made  to  launch 
westward  in  order  to  avoid  possible  exiting  the 
precipitation  region  northward  into  the  polar 
cap.  Figure  3 shows  tho  projection  of  the 
rocket  trajectory  to  100  km  along  the  earth's 
magnetic  field.  From  Figure  3 it  ran  be  seen 
that  the  rocket  traveled  from  approximately  75° 
to  76.4°  invariant  latitude, 

A synoptic  view  of  the  electron  dsts  from 
Tordo  Uno  is  presented  In  the  energy-time 
spectrogram  format  in  Figure  4,  Thia  format  la 
esaentlally  the  same  as  that  used  for  Isis  1 and 
2 spectrograms  (see  Wlnnlnghsm  et  al..  1975b), 
with  the  addition  of  the  altitude  profile  (solid 
line)  to  the  energy  flux  panel  and  the  launch 
universal  date  and  time  at  top  left.  The  Z axis 
(grey  scale)  of  the  spectrogram  (top  panel)  has 
been  scaled  to  give  the  count  per  11.11  ms 
Instead  of  the  actual  acumulatlon  period.  This 
waa  done  in  order  to  have  the  same  relationship, 
between  count/ accumulation  period  and  grey 
scale,  as  that  In  the  Isis  l and  2 spectrograms. 

One  of  the  most  striking  features  observed  in 
tho  electron  spectrogram  is  the  absence  of  major 
spatlal/tcmporal  structure.  This  was  not  the 
case  for  Tordo  Dos,  as  will  be  seen  In  the 
following  section.  Throughout  the  Tordo  Uno 
flight  the  count /accumulation  period 
(differential  energy  flux)  maximised  at 
approximately  100-200  eV. 
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Fig.  lb.  Sene  as  Figure  la  but  for  Janurry  11,  1975. 


A 6300-X  scanning  photometer  belonging  to  G. 
G.  Shepherd,  York  University,  and  an  all-sky 
camera  were  operated  at  Sachs  Harbour  during  Cho 
Tordo  campaign.  The  photometer  indicated  a 
uniform  glow  of  about  300  R,  increasing  to  1 k R 
toward  the  south  of  Cape  Parry  during  the  flight 
of  Tordo  Uno.  Also  the  all-sky  camera  data 
showed  a lack  of  any  discrote  aurora. 

A more  quantitative  presentation  of  the  data 
Is  given  in  Figures  5,  6,  and  7.  Figure  5 

presents  electron  differential  flux  versus 
altitude,  Figure  6 a representative  olcctron 
spectrum  near  apogee,  and  Figure  7 differential 
flux  versus  ttme.  Inspection  of  Figure  5 and  7 
reveals,  as  did  Inspection  of  Figure  A,  the 
absence  of  dramatic  acceleration  events  (seo 
Figure  8 for  comparison). 

Throughout  the  flight  the  electron  spoctrum 
can  bo  divided  into  two  relatively  distinct 
regions,  above  and  below  approximately  2 keV. 
Below  2 keV  the  spectrum  appears  to  bo  comprised 
of  a low-energy  'primary'  plus  'secondary' 
population,  the  primary  portion  of  the  spoctrum 
being  broader  than  a Maxwellian  curve.  For 
reference,  a Maxwellian  curve  has  been  Included 
In  Ftguro  6 and  has  been  normal  lied  to  the  87-oV 
experimental  point  (most  of  the  spectra  around 
apogee  exhibit  a relative  maximum  at  87  oV) , 
Also  Included  In  Figure  6 are  representative 
near-concurrent  plasma  mantle  and  raagnotoshoath 
spectra  measured  by  llawkeye  (courtesy  of  l„  A, 
Frank).  The  llawkeye  data  will  be  considered 
again  in  the  discussion  section. 

The  electron  spectrum  above  2 keV  was 
statistically  poor  but  well  above  the  noise 
level.  Typical  counting  rates  wore  less  than 
100/s.  The  spectrum  presented  in  Figure  6 is  an 
average  of  26  spectra  (83.2  s)  beginning  at 
2350:36.8  and  ending  at  2352:00  UT.  The 

deviation  of  each  individual  spectrum  from  the 
average  was  minor.  This  high-energy  portion  of 
the  electron  spectra  Increased  and  decreased 
throughout  the  flight  (see  Figure  7a) 

independently  of  the  lower  energy  population. 
Examination  of  Figures  5a  and  5b  reveals  a 
sharp  Increase  of  flux  with  altitude  between  180 
and  250  km.  This  altitude  related  variation  was 
energy  dependent,  lover  energies  displaying  the 
largest  Increase  with  increasing  altitude. 

Above  250  km  (2350:56  UT)  the  dependence  was 
mainly  spatial  and/or  temporal,  not  altitudinal. 
From  2350:56  to  2353:26.6  UT  there  was  a steady 
Increase  in  the  electron  flux  at  energies 

between  87  and  1021  eV  that  was  energy 


independent  (Figure  7).  At  2353:26.6  UT  an 
abrupt  increase  in  magnitude  was  observed  in  oil 
onergy  channels  below  1021  eV,  The  only 
spectral  change  occurring  was  a slight 
enhancement  in  the  lowest  energy  channel  (12 
eV),  At  2356:30,6  UT  an  abrupt  decrease  was 
observed,  after  which  time  the  flux  remained  at 
values  close  to  the  preincrease  level  except  for 
threo  narrow  hursts. 

At  energies  below  87  eV  an  tnitial  flux 
increase  with  altitude  was  also  observed, 
Howover,  at  later  times  the  flux  profiles  were 
not  identical  to  those  at  higher  energies 
discussed  earlier,  Tho  initial  slow  increase 
was  observed  in  the  52.8-oV  channel  but  not  in 
the  30. 8-,  18. 9-,  and  11.7-eV  caannols.  The 

30.8-oV  sample  exhibited  a relatively  flat 
profile  with  altitude  prior  to  the  increase.  At 
18,9  and  11,7  eV  a relative  maximum  was 
observed,  the  18.9-oV  sample  leading  the  11.7-eV 
sample  in  either  space  or  time  (2351:30  and 
2352:00  UT,  respectively).  As  in  the  higher 
energy  channels,  an  abrupt  incroase  and  decrease 
in  flux  was  observed  after  2353:26.6  UT. 

Throughout  the  flight  poslttve  ion  fluxes 
were  weak.  At  apogee  tho  peak  ion  flux  occurred 
in  the  fow  hundred  electron  voll;  ranee  with  flux 
levels  of  approximately  10J  cm""'  sr~  s"  . 

Tordo  Dos,  lonosonde  returns  obtained  prior 
to  launch  indicated  that  the  cleft  was  poleward 
of  Cape  i’arry  and  close  to,  but  poleward  of, 
Sachs  Harbour.  (The  lonosonde  returns  for  this 
day  are  described  in  detail  by  f.t  (los  et  al . 
(1977).)  The  decision  had  been  roached  that 
Tordo  Dos  would  be  launched  across  the 
equatorward  boundary  of  tho  cloft.  In  order  to 
accomplish  this  goal  tho  launch  axlmuth  was  set 
as  close  to  magnetic  north  ns  range  safety 
requirements  would  allow  (Figure  3), 

From  high  voltage  turnon  at  002o:27.6  UT  (180 
km)  to  0028:13.2  UT  (390  km),  down coming 
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Fig,  2.  Interplanetary  magnetic  field  Z 
component  (solar  oagnetospheric)  flora  Imp  8 
for  January  10-11,  1975. 
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Fig.  3.  Tordo  Uno  and  Do*  trajectories  projected  to  100  km  along  the  earth's 
magnetic  field. 


atmospheric  photoolectrons  and  very  weak 
high-energy  electrons  were  observed  (Figure  8), 
A maximum  in  the  photoolectron  flux  was  observed 
between  approximately  300  and  310  km.  Mantas 
and  Bowhlll  (1975)  predict  a maximum  In  the 
downcoming  photoelectron  flux  at  approximately 
290  km  for  a 90°  solar  zenith  angle.  Our  peak 
was  above  this  altitude,  but  the  zenith  angle 
(100  ) was  also  larger.  In  addition,  electron 
density  fluctuations,  causing  the  observed 
spread  F,  would  result  In  fluctuations  In  the 
atmospheric  photoelectron  flux  and  a smearing  of 
the  altitudinal  profile  (G.  F.  Mantas,  private 
communication,  1976), 

Kxamtnatlou  of  the  SI’S  data  Indicates  that 
the  cleft  equatorward  boundary  was  crossed  at 
0028:13.2  UT  at  an  Invariant  latitude  of  76,4° 
(Figure  9).  From  0028:13.2  to  0029:10.8  »T  the 
electron  spectrum  peaked  at  approximately 
100-200  eV  and  varied  In  magnitude.  The 
spectral  shape  Is  similar  to  shapes  reported  In 
the  literature  for  the  cleft  I VI nn Ingham  and 
lleikklla.  1974).  Subsequent  to  this  time,  two 
'Inverted  V's'  were  observed,  one  centered  at 
0029:26.8  and  the  other  at  00:31  UT, 
Morphologically,  Inverted  V's  are  regions  In 
energy-time  spectrograms  where  the  maximum  count 


rate  (region  of  maximum  darkness  or  lightness, 
depending  of  film  polarity)  moves  first  to 
higher  energy  then  to  lover  energy  with 
advancing  time,  producing  an  Inverted  V shape. 
Between  the  two  Inverted  V's  the  electron 
spectra  wore  either  peaked  in  the  100-  to  200-eV 
range  or  were  due  to  atmospheric  photoolectrons. 

Inspection  of  each  electron  spectrum  during 
passage  through  the  inverted  V’s  Indicated  that 
on  a gross  scale  the  peak  In  the  electron 
distribution  function  (particles  cm-"'  sr~l  eV_I 
s *)  wts  increasing  and  then  decreasing  in  both 
energy  and  magnitude.  In  addition,  several 
relative  maxima  were  observed  (see  Figure  12). 
The  spectrum  In  Figure  10a  was  obtained  Just 
prior  to  the  first  'energized'  spectrum  in  the 
second  Inverted  V.  It  is  well  fitted  by  a 
Maxwellian  distribution  (dashed  curved)  with  a 
'temperature'  of  1.7  x 10°  and  a density  of 
0.5  cm--4  (assuming  Isotropy),  The  solid  circles 
represent  a correction  for  atmospheric 
photoelectrons  utilizing  the  spectrum  measured 
at  0030:11,6  UT.  Spectra  in  Figure  10b  are 
representative  of  the  peaked  distributions  In 
the  second  Inverted  V. 

All-sky  camera  data  were  obtained  from  Sachs 
Harbour,  which  at  the  time  of  Tordo  IV s had  just 
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Fig,  6.  Electron  energy-time  spectrogram  for  fordo  Uno. 


entered  astronomical  twilight  (12’  solar 
depression  angle).  In  the  all-sky  camera  data, 
faint  auroras  are  vlslhle  toward  the  north,  and 
their  positions  are  plotted  In  Figure  9 together 
with  those  of  the  two  Inverted  V events  observed 
by  the  rocket  particle  detectors  and  cleft 
returns  deduced  from  the  tonosonde  data.  All 
the  data  shown  have  been  napped  to  an  altitude 
of  160  km.  The  height  of  160  km  used  for 
calculating  the  position  of  the  auroras  was 
selected  on  the  basis  of  the  energy  spectra 
(Figure  8)  and  luminosity  profiles  derived  by 
Rees  (1968). 

As  can  be  soon  In  ’figure  9,  auroras  were 
observed  only  In  the  vicinity  of  the  second 
Inverted  V event.  No  auroral  form  associated 
with  the  flr-*t  event  could  he  discerned  in  the 
data,  nits  at  first  appeared  strange 
considering  the  very  similar  energies  and  energy 
fluxes  In  the  two  events.  As  will  be  discussed 
below,  the  explanation  is  to  he  found  In  a 
combination  of  vtevtng  angles  from  Sachs  Harbour 
and  the  latitudinal  width  of  the  two 
preelpltat ton  events. 

From  Figure  8 we  find  a eharaeterlst tc  energy 
In  the  two  events  of  l keV  and  an, energy  flux  of 
about  l erg/cra"  s sr  or  1 ergs/cm‘  s (assuming 
isotropy).  For  a 1-keV  ehaiaetertsi to  energy. 
Rees  and  lackey  (1976),  calculate  a col  ton 
emission  rate~o?  ll.ltt  RR/erg/cw'  s in  6278  \ and 
a corresponding  emission  rate  ratio  6 6 77/6778  £ 
of  6.  Thus  the  estimated  brightness  of  the 
form.  If  overhead,  would  be  1 x 0.16  x (>  - 1 kK 


In  6377A.  The  forms  are  not  overhead  but  are 
off  to  the  northeast  at  an  elevation  angle  of 
about  65°  and  3v,  respectively,  and  the  SI'S 
data  (Figure  8)  Indicate  the  latitudinal  width 
of  the  precipitation  In  the  second  event  to  be  3 
times  that  of  the  first,  Romlck  and  Be  Ion 
(1967)  have  calculated  the  brightness  of  an 
aurora  for  various  values  of  width,  position 
relative  to  the  observer,  and  height  luminosity 
profile^  They  find  that  the  brightness  of  an 
arc  0.31  wide  at  an  elevation  angle  of  35°  (very 
similar  to  tho  values  for  the  second  inverted  V 
event)  would  be  0.36  of  the  overhead  value. 
Further,  they  find  that  auroras  well  away  from 
the  zenith  have  a brightness  roughly 
proportional  to  their  thickness,  all  other 
things  being  equal,  With  those  corrections  for 
aspect  and  width  applied  the  auroras  associated 
with  the  two  Inverted  V events  would  appear  with 
a brightness  of  0.3  and  l kR  with  reS|OCt  to  an 
observer  at  Sachs  Harbour. 

Under  Ideal  conditions  the  3S-mm  f 1,2 
all-sky  camera  used  at  Sachs  Harbour  can  resolve 
forms  of  slightly  less  than  1 kR  In  8677  \ 
(Romlck  and  grown,  1971),  Tims  the  aurora 
associated  with  the  first  Inverted  V event  (0,3 
kR)  should  not  be  visible  in  the  all-sky  data 
even  under  Ideal  conditions,  and  given  the 
twilight  condition  during  the  experiment,  the 
am  ora  (1  kR)  associated  with  tho  second 
Inverted  V should  only  he  marginally  detectable, 
which  Is  In  good  agreement  with  the  actual  data. 

It  should  ho  mued  that  the  6 100-A  photometer 


I 


116- 


Winninghaa  et  *1.:  Dayside  Cleft  Plasma-The  Tordo  Experiments 


1881 


Fig.  S.  Differential  number  fi 

obecrved.  In  addition  to  the  auroral  fora  also 
detected  by  the  all-sky  cacicra,  a faint  arc  just 
north  of  Sachs  Harbour  at  an  Invariant  latitude 
of  76.4°.  The  photometer  was  scanning 
geographic  north-south  and  thus  was  pointing 
away  from  the  rocket  trajectory,  and  It  Is 
uncertain  what  relevance  these  measurements  have 
to  the  observations  along  the  rorket  trajectory. 

A strong  oblique  F.  layer  return  Is  seen  In 
the  Cape  Tarry  tonograns,  and  several  returns 
are  also  seen  In  the  Sachs  Harbour  loncgrams. 

By  assuming  that  the  returns  come  from 
Ionospheric  structures  aligned  along  constant 
magnetic  latitude  a trlangulatlon  can  be  made  to 
determine  the  location  of  the  irregularity.  By 
triangulating  on  the  strongest  oblique  K layer 
return  Us  position  was  found  to  lie  within  the 
region  of  the  second  Inverted  V event  >s  shown 
In  Figure  9. 

From  Figure  9 It  can  be  seen  that  the  cleft 
as  measured  by  the  SI'S  was  .Indeed  poleward  of 
Sachs  Harbour  by  a few  tenths  of  a degree.  The 
position  of  the  cleft  as  determined  by  the  SPS 
(76.4°)  Is  coincident  with  the  aforementioned 
weak  red  arc  even  though  they  arc  separated  by 
approximately  4°  of  longitude. 

As  In  Tordo  lino,  tne  proton  fluxes  were  very 
weak.  It  should  be  noted  that  the  SPS  as  used 
In  Tord  Unc  and  Do,  was  approximately  20  times 
more  sensitive  than  were  the  Isis  SPS's.  (The 
main  Increase  In  sensitivity  Is  due  to  the 
Increased  accumulation  period.) 

Discussion  and  Conclusions 

The  exact  location  of  the  Tordo  Uno 
measurements  relative  to  the  cleft  boundaries  Is 
difficult  to  establish.  Only  one  detail  can  be 
stated  with  certainty,  that  Is,  Tordo  Uno  was 
poleward  of  the  equatorward  boundary  of  the 


versus  altitude  for  Tordo  Uno, 

cleft.  Comparison  of  Tordo  Uno  positive  ion 
fluxes  with  Isis  results  Indicate  a position  in 
the  poleward  portion  of  the  cleft.  This 
conclusion  Is  based  on  two  characteristics  of 
the  positive  Ions,  namely,  their  low  Into  -ity 
and  low  average  energy.  Typical  results  com 
Isis  show  the  hardest  and  most  Intense  fluxes  at 
the  equatorward  edge  of  the  cleft  with  a 
subsequent  poleward  softening  and  decrease  in 
intensity. 

Another  possible  Interpretation  of  the 
results  would  be  that  the  observed  electrons  are 
polar  rain  electrons  I Winn Ingham  and  Helkklla. 
1974],  However,  several  facts  argue  against 
this  Interpretation,  The  obsorved  density  of 
the  primary  electrons  Is  as  high,  as 
approximately  5 cm.  Winn Ingham  and  Helkklla* s 
U974)  results  show  the  polar  rain  fluxes  to  be 
only  a few  percent  of  the  cleft  fluxes.  If 
these  densities  were  measured  In  the  inslar  cap, 
cleft  densities  would  be  >100  c r i and  by 
Inference,  magnetosheath  densities  would  be  at 
least  as  large.  Such  cleft  densities  are  rarely 
observed.  An  even  more  telling  argument  comes 
from  concurrent  measurements  of  solar  wind 
densities  by  Imp  7 (courtesy  of  W.  C.  Feldman) 
and  raagnetosheath  densities  by  Hawkeye  (Figure 
6)  (courtesy  of  L.  A.  Frank).  Both  were 
approximately  10  co”J  during  the  period  of  Tordo 
Uno. 

Comparison  with  the  Hawkeye  results  (Figure 
6)  Indicates  a factor  of  approximately  2 
decrease  in  density  between  the  nagnetosheath 
and  the  poleward  portion  of  the  cleft.  The 
results  of  Akasofu  et  al.  (1973)  demonstrate 
that  the  poleward  portion  of  the  cleft  maps  to 
the  inner  edge  of  the  magnetospherle  boundary 
layer  (see  their  Figure  11).  Additionally 
Akasofu  et  al.  show  the  boundary  layer 
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ELECTRON  ENERGY  (»V) 

Fig.  6.  Electron  spectra  from  Tordo  Uno  and  Havkeye  for  January  6,  1975. 


! 

! 


densities  to  be  leas  than  or  equal  to  the 
magnetosheath  density  and  to  decrease  with 
Increasing  inward  rsnetratlon  of  the  boundary 
layer.  Thus  the  moat  consistent  Interpretation 
of  the  results  places  Tordo  Uno  In  the  poleward 
portion  of  the  cleft. 

The  'high-energy'  portion  of  the  electron 
spectrum  observed  by  Tordo  but  not  by  Havkeye  in 
Figure  6 can  be  attributed  to  an  Internal 
magnetosphcrlc  source,  l.e.,  drifting  energetic 
electrons  from  the  nlghtslde.  Recent  papers  by 
HcDlarmld  et  al.  [19761  and  Haerendel  and 
Paschaann  (1975)  have  shown  that  trapped 
energetic  electrons  arc  observed  concurrently 
with  entry  layer  and  cleft  plasma.  Eastman  et 
al.  (1976J  find  that  electron  spectra  In  the 
boundary  layer  develop  high-energy  (few  keV) 
rails  with  Increasing  Inward  penetration  of  the 
boundary  layer  and  have  associated  these  to 
leakage  of  magnctospherlc  plasma  Into  the 
boundary  layer.  In  the  present  case,  Tordo  Uno 
sampled  only  Inside  the  loss  cone,  and  thus 
nothing  can  be  said  concerning  the  pitch  angle 
distribution.  Spectrally,  the  electrons  are 
similar  to  low-altitude  polar  satellite 
measurements  In  the  same  region  (Winn Ingham, 
1972). 

The  Initial  energy-dependent  Increase  in 
electron  flux  with  altitude  (<250  km)  Is  due  to 
the  Interaction  of  the  primary  beam  (Banks  et 
al . , 1974,  Figure  16)  with  the  atmosphere. 


Above  this  altitude,  spatial  and/or  temporal 
changes  predominate.  In  summary,  Tordo  Uno  and 
the  associated  barium  Jet  were  launched  Into  the 
poeward  portion  of  the  afternoon  cleft  which 
contained  uneneigizcd  magnetosheathl Ike 
electrons.  With  reference  to  the  work  by 
Jeffries  et  al . (1975),  Figure  3 shows  the  path 

of  the  barium  plasma  leaving  the  vicinity  of 
Tordo  Uno  to  be  essentially  directly  antisolar 
across  the  polar  cap  Into  the  nightside  auroral 
zone. 

By  comparison,  we  know  the  position  of  Tordo 
Dos  vls-a*vls  the  cleft  equatorward  boundary 
relatively  well.  Tordo  Dos  was  launched 
equatorward  of  the  cleft,  crossed  Its 
equatorward  boundary,  and  encountered  two 
Inverted  V's  In  the  cleft  prior  to  barium 
Injection.  In  assuming  the  cleft  boundary  to  be 
zonal  (l.e.,  parallel  to  magnetic  latitude)  over 
the  short  longitude  span  traversed  and  to  be 
fixed  for  the  duration  of  the  Tordo  Dos  flighty 
barium  Injection  occurred  approximately  1.9 
Into  the  cleft.  The  latter  assumption  is 
supported  by  concurrent  results  from  the 
sounders. 

The  electron  precipitation  observed  in  Tordo 
Dos  was  dramatically  different  from  Tordo  Uno. 
'Monoenergetic'  peaks  were  observed  (Figure  10b) 
in  the  electron  spectra,  and  the  energy  of  these 
peaks  varied  systematically,  l.e.,  the  inverted 
V's.  Such  behavior  has  been  attributed  to 
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fig,  8.  Electron  energy-time  apectrogram  for  Tordo  l>o». 


acceleration  by  an  electric  field  parallel  to 
the  earth' a magnet  Ic  field  march  et  al..  1076, 
and  references  therein).  To  Investigate  this 
possibility,  the  numerical  model  of  Kvana  11074) 
was  applied  to  the  data.  It  should  bo  no* nil 
that  the  experimental  data  are  inadequate  In 
pitch  angle  and  spectral  resolution  to  prove  or 
or  disprove  uniquely  any  theory;  only 
consistency  can  bo  shown. 

With  the  aforementioned  reservations  In  mind 
the  experimental  spectra  are  easily  derivable 
from  Evans'  model.  An  example  of  a spectrum 
from  the  second  Inverted  V la  given  In  figure 
11,  A least  squares  Maxwellian  fit  Is  made  to 
the  high-energy  tall  of  the  observed  fluxes,  and 
the  temperature  of  the  assumed  Maxwellian  plasma 
at  the  top  of  the  accelerator  la  determined  as 
Indicated  on  the  figure.  The  probable  error 
from  the  least  squares  fit  ts  also  Indicated, 
The  Initial  Maxvelllan  Is  allowed  to  tall 
through  a potential  drop  V , producing  a Jetted 
beam  at  the  bottom  of  the  accelerator.  The  beam 
then  produces  backscattered  and  secondary 
electrons  upon  Interaction  with  the  atmosphere, 
those  upgoing  electrons  with  energies  less  than 
eV  are  reflected  by  the  parallel  electric  field 
ami  would  be  observed  by  the  Instrument  as  low 
energy  downgoing  particles.  The  Maxwellian  fit 
together  with  a choice  of  V fixes  the  density  n 
of  the  assumed  Maxwellian  plasma.  The 
accelerating  potential  Is  then  varied,  producing 
t tie  solid  curve  at  low  energies  In  figure  11, 
until  a 'best  fit'  to  the  data  Is  obtained. 
Thus  tor  this  model  the  only  tree  parameters 


which  we  vary  are  V0  and  the  It  Ratio,  the  ratio 
of  magnetic  field  strengths  at  the  accelerator 
exit  and  at  the  top  of  the  atmosphere, 

for  the  baekseattor  calculations  we  used  the 
electron  Impact  Ionisation  cross  section  for 
atomic  oxygon  from  Hanks  et  al.  |l')74)  (see 
also  Opa  1 e t a 1 . |1<)71]),  Use  of  the  cross 
section  for  N,  would  Increase  the  low-energy 
fluxes  by  about  * 1 2t  al  about  100  oV, 

figure  12  presents  the  results  of  these 
calculations  for  the  second  Inverted  V,  All 
points  except  the  first  and  last  are  derived  or 
‘fitted'  quantities.  This  first  point  (denoted 
by  a circle)  corresponds  to  the  ' nonaccelerated' 
spectrum  (figure  10a)  encountered  Just  prior  to 
the  second  Inverted  V (see  figure  12),  The  last 
point  (also  denoted  by  a circle)  is  from  a 
temperature  fit  only  at  that  point.  It  can  be 
seen  that  even  though  the  potential  varied 
dramatically,  the  density  (assuming  source 
Isotropy)  and  the  temperature  were  constant 
within  one  standard  deviation.  In  addition,  the 
'nonaccelerated'  density  and  tempeiatme  lie 
within  the  same  bounds. 

Note  that  the  nonaccelerated  values  are  local 
quantities  and  the  derived  quantities  refer  to 
the  Input  of  the  'lineal  accelerator,'  as 
descilbed  above.  Thus  the  tnvoited  V has  as  its 
souice  population  a Maxwellian  with  » density  ol 
0,87  £0, 2S  era"  and  a temperature  of  117  t 24 
eV, 

It  all  the  assumpt tons  tn  Evans'  model  ale 
valid  in  this  case,  the  approximate  position  ot 
the  exit  of  the  aeceleiator  can  be  deteimtued 
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Fig.  9.  Schematic  of  geographic  location  of  observed  auroral  area,  Inverted  V events, 
barium  release,  and  returns  observed  by  the  lonoaondes.  All  positions  have  been  re- 
duced to  the  160-kra  altitude  level. 
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Fig.  10a.  Electron  spectrum  obtained  prior  to 
entry  into  second  Inverted  V observed  by  Tordo 
Dos. 


from  the  B Ratio.  Tho  derived  value  of  12,5 
gives  an  approximate  lower  limit  of  lRp  above 
Tordo  or  2 R,.  geocentric.  This  value  is 
consistent  with  the  lower  limit  value  obtalnod 
by  assuming  that  the  colllmatlon  cone  had 
expanded  Just  onough  to  include  the  measured 
pitch  angle. 

Our  results  are  in  basic  agreement  with  those 
of  Burch  et  al . 11976)  oxcopt  for  one  feature. 
Burch  et  al.  pointed  out  that  in  all  the  cleft 
inverted  V's  they  observed  the  characteristic 
energy  ( temporature)  went  up  as  the  acceleration 
potential  increased.  They  interpreted  this  as  a 
heating  as  well  as  an  acceleration  of  tho  source 
population.  The  results  as  shown  in  Figure  12 
indicate  that  no  statistically  important  heating 
occurred  for  this  second  Inverted  V event  on 
Tordo  Dos.  However,  some  remarks  on  the  nature 
of  the  high  energy  tail  are  in  order.  Wq  found 
that  with  few  exceptions  tho  more  high  energy 
data  points  we  Included  in  the  least  squares 
routine,  the  hotter  the  temperature  of',  the 
nlasma.  Thus  the  high  energy  tail  in J the 
inverted  V event  is  non-Maxve Ilian,  Sincd  the 
potential  is  chosen  primarily  to  find  a flj  to 
the  lower  energy  portion  of  the  spectrum  and 
since  this  depends  mostly  on  the  fluxes  noar  the 
peak  of  the  beam,  we  used  only  two  or  threo  data 
points  near  the  beam  maximum  to  determine  the 
temperature  for  the  results  shown  in  Figure  12 
(for  example,  in  Figure  11,  fluxes  at  energies 
of  636.4,  1033,  and  1655  eV),  In  addition,  data 
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rig.  101),  Representative  electron  spectra  ob- 
tained In  second  Inverted  V observed  by  Tordo 
Dos, 

points  at  tho  lower  Intensity  levels  are 
experimentally  less  well  determined. 

To  lost  this  apparent  disagreement  with  (lurch 
ot  altt  wo  ran  new  ' f 1 1 h*  using  the  criterion 
that  wo  would  use  all  data  In  the  tnU  with  flux 
values  grontcr  limn  I0J  cra'^  a"*  sr”1  oV  , By 
using  this  criterion,  only  8 of  tho  21  cases  are 
changed,  (In  one  caao,  at  t*  0030 1 30 , tho 
temperature  went  from  54  to  127  eV,  but  wo  could 


Fig,  11,  Experimental  and  modeled  electron 
spectrum  for  second  Inverted  V In  Tordo  Dos 
data.  Model  spectrum  generated  by  using  the 
numerical  model  of  Evans  (1974). 


no  longer  find  a reasonable  'fit'  to  the 
spectrum,)  The  temperatures  of  those  eight  cases 
did  como  out  higher  than  before,  necessitating 
reduced  values  for  VQ  In  some  cases,  with  a 
general  trend  of  °tcmperaturo  and  VQ 
proport  tonality,  l.lnoar  regression  analysis  In 
this  case  yields  a temperature  of  0,06  V + 102 
eV,  but  tho  correlation  la  not  high  (correlation 
coefficient  Is  0,35). 

It  therefore  appears  that  our  analysis  Is 
consistent  with  no  apparent  heating  of  the 
plasma  at  energioa  near  the  beam  maximum,  but 
some  beating  at  higher  enorglea  proportional  to 
V cannot  bo  ruled  out.  It  la  equally  possible 
that  the  non-ltaxwelllan  nature  of  the  tall  Is  a 
feature  of  tho  original  plasma  (see  Figure  10a), 

Burch  et  al.  (1976)  reported  the  cleft 
Inverted  V's  to  be  In  a rogion  of  antlsunward 
convection,  No  convection  measurements  were 
available  at  tho  poaltlon  of  the  Tordo  Ooa 
Inverted  V's.  llovcvor,  the  barium  atroak  was 
released  approximately  7 km  poleward  of  the 
aocond  inverted  V and  drifted  antlaunward  at 
approximately  constant  magnetic  latitude 
IJeffrle.a  et  al..  1975,  Flguro  3). 

In  conclusion,  Tordo  Ooa  crossed  tho 
eqnatorward  boundary  of  the  cleft,  traversed 
approximately  1.9°  of  Its  extent,  and 
encountered  two  Inverted  V's,  Tho  Inverted  V's 


Fig.  12.  Density  and  temperature  derived  from 
SvanB1  (1974)  model  for  source  spectrum  of 
second  Inverted  V observed  by  Tordo  Dos  and 
the  necessary  potential  drop.  See  text. 
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can  bo  well  modeled  by  the  model  of  Evans  (1974) 
by  utilizing  a constant  source  temperature  and 
density  and  a varying  potential.  A 'beat  guess' 
places  the  accelerator  at  a minimum  geocentric 
distance  of  2 Rj..  The  barium  Injected  Just 
subsequent  to  the  second  Inverted  V drifted 
cssontlally  parallel  to  the  cleft  (l.o.,  at 
approximately  constant  magnetic  latitude)  and 
antlsunward  as  opposed  to  tho  perpendicular  and 
antlsunward  motion  of  Tordo  Uno,  The  cloud 
motion  and  Its  dynamics  will  bo  detailed  In  a 
subsequent  paper. 
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Time-dependent  behavior  of  tubes  of  P layer  plasma  is  computed  for  tubes  carried  around  several  flow 
paths  in  the  polar  rt|!on,  The  flow  paths  are  those  proposed  previously  by  Knudsen  <1974).  lonitation 
sources  include  direct  and  scattered  solar  photons  and  measured  fluxes  of  precipitating  energetic  elec- 
trons. Computed  electron  concentrations  are  compared  with  measured  concentrations  from  topside 
sounder  data  obtained  in  the  same  satellite  pass  as  the  energetic  electron  flux  data.  The  following 
conclusions  are  drawn:  The  proposed  convection  pattern  produces  a tongue  of  F layer  plasma  over  the 
polar  cap  with  electron  concentrations  consistent  with  the  measured  concentrations.  Had  the  Flayer  been 
assumed  to  be  nonconvectlng  over  the  polar  cap.  the  computed  concentrations  would  have  been  a factor 
of  10  too  small.  Rapid  convection  of  plasma  across  the  cleft  prevents  significant  increase  in  N*Ft  at  the 
cleft.  Rapid  convection  must  exist  through  the  intense  nightside  auroral  energetic  particle  precipitation 
tones,  or  a compensating  electron  loss  mechanism  mutt  develop  to  prevent  the  buildup  of  an  ioniration 
ridge.  A mid-latitude  trough  is  formed  by  the  proposed  convection  pattern  with  only  normal  F layer 
recombination  processes  operating.  The  low  concentration  in  the  trough  is  maintained  by  scattered  solar 
EU  V photons.  The  trough  predicted  by  the  numerical  model  is  not  observed  in  the  topside  sounder  data. 


Introduction 

In  a previous  paper,  Knudsen  [1974]  presented  a model  for 
the  convection  field  of  the  high-latitude  F layer  and  evaluated 
semiquantitatively  the  expected  time-dependent  behavior  of  a 
tube  of  F layer  plasma  carried  around  the  polar  regions  by  the 
field.  The  proposed  field  appeared  to  explain  many  of  the  high- 
latitude  Flayer  anomalies.  The  purpose  of  the  present  paper  is 
to  present  the  initial  results  of  a more  detailed  numerical  study 
of  the  behavior  of  the  high-latitude  F layer.  Tubes  of  ioniza- 
tion  are  subjected  to  time-dependent  ionization  rates  from 
both  solar  photons  and  precipitating  energetic  electrons  as  the 
tubes  follow  the  convection  field  proposed  in  the  previous 
paper,  and  the  time-dependent  response  of  the  plasma  within 
the  tube  is  computed. 

Numerical  Mode,1 

The  time-dependent  behavior  of  the  plasma  within  a mag- 
netic flux  tube  was  computed  with  a numerical  code  developed 
by  Schunk  and  Walker  [1973],  The  code  solves  the  coupled 
momentum  and  continuity  equations  for  NO4,  O,*.  and  O* 
ions  in  the  £ and  F regions.  Minor  changes  were  made  in  the 
code  to  permit  the  addition  of  ionization  rates  resulting  from 
energetic  electron  fluxes  and  also  from  solar  EUV  scattered 
into  the  nightside  of  the  ionosphere.  The  code  was  also  modi- 
fied to  permit  the  base  of  the  flux  tube  to  change  in  latitude 
and  longitude  with  elapsed  time  in  a prescribed  manner, 

The  code  does  not  solve  the  energy  balance  equation,  and 
consequently,  it  is  necessary  to  specify  T,  and  7',.  For  this 
study  we  have  set  both  T,  and  T,  equal  to  the  neutral  gas 
temperature  T„  Heating  of  the  thermal  electron  gas  by  fluxes 
of  soft  electrons  with  energies  of  a few  tens  of  electron  volts  is 
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thus  neglected,  and  the  enhancement  of  electron  concentra- 
tions at  altitudes  above  approximately  400  km  in  response  to 
electron  heating  will  not  be  reproduced  in  the  model. 

The  variations  of  the  neutral  constituents  N„  0„  and  O with 
latitude  and  local  time  were  derived  from  the  model  atmo- 
sphere of  Jacchia  [1971]  for  winter  (solar  declination,  -23°) 
and  medium  solar  activity  - 130  X 10'**  W nr’  Hz'1). 
The  NO  density  was  the  same  as  that  used  by  Schunk  and 
Walker  [1973). 

The  numerical  solution  was  obtained  over  the  altitude  range 
1 20-500  km.  The  upper  altitude  limit  was  set  at  500  km  to 
ensure  proper  convergence  of  the  solution  for  reasonably  sired 
time  steps.  The  fluxes  of  NO*  andCV  were  set  equal  to  zero  at 
the  upper  boundary.  To  simulate  the  loss  of  O*  through 
operation  of  the  polar  wind,  the  upward  velocity  of  O’  ions  at 
the  500-km  boundary  was  assumed  to  be  constant  at  10  nt  s 1 
At  the  lower  boundary  theO,4  and  NO'  concentrations  were 
arbitrarily  set  to  10*  cm  *.  Also  at  this  boundary  the  O' 
density  was  assumed  to  be  in  chemical  equilibrium  and  was  set 
equal  to 

|Q,|.  *Q,>  - 

tu  1 A,[N,1  + *.(0,1 

where  [O'  ],  |N|),  and  [O,]  are  the  appropriate  densities  and 
P[  O')  the  ion  production  rate  of  O';  A,  and  k,  are  reaction 
rates  defined  by  Schunk  and  Walker  [1973].  The  concentra- 
tions of  NO'  and  O,'  near  the  lower  boundary  arc  governed 
primarily  by  chemical  reaction  rates,  so  that  their  concentra- 
tions a short  distance  above  the  lower  boundary  are  insensitive 
to  the  arbitrarily  assigned  values. 

The  gyrofrequency  of  the  ions  is  comparable  to  or  less  than 
their  collision  frequency  at  and  below  an  altitude  of  approxi- 
mately 180  km.  The  ions  do  not  'follow'  the  flux  tubes  below 
this  altitude.  We  may  expect  therefore  that  the  model  results 
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Ihg  I.  I'rodiictioii  rate*  of  0* . N|\  and  O,*  hy  solar  photon*  al 
three  SZA's  computed  h)  the  minurtoal  model,  those  at  UN*  SZA 
represent  background  rales  (torn  scaiteresl  photons 

below  ISO  kin  will  be  in  error  .al  the  ft  and  A',  altitudes  near 
boundaries  separating  regions  of  dilferent  ion  production 
rates. 

The  vertical  drift  which  may  be  imparted  to  the  plasma  by 
the  electric  field  causing  the  convection  of  the  plasma  and  also 
by  neutral  winds  has  been  neglected  in  this  first  model.  Vertical 
drift  was  felt  to  be  a second-order  ell'ect  w hich  could  be  studied 
after  first-order  effects  were  clarified.  Some  discussion  of  the 
expected  drift  is  given  by  KmxlstH  )I974|. 

The  displacement  of  the  magnetic  pole  from  the  geographic 
pole  imparts  a universal  time  dependence  into  the  high-lati- 
tude A'  layer  concentration,  which  is  to  be  the  subject  of  a 
future  study  For  the  present  study  we  assume  that  the  mag- 
netic and  geographic  axes  are  collinear 

The  ionisation  sources  included  m the  model  are  solar  KUV 
photons,  both  direct  and  scattered,  and  precipitating  electrons 
The  method  of  calculating  the  direct  photo-iouiration  rates  for 
Ni,  0,.  and  0 is  described  by  .SYAnmA  and  M’uWer  |I973|.  We 
are  interested  in  the  high-latitude  A'  layer  during  winter  in  the 
present  study  and  have  calculates!  the  Chapman  grariug  in 
cidcncc  function  using  2.1*  for  the  solar  declination  angle.  To 
simulate  the  iomration  rates  ftom  scaiteresl  KUV,  the  ionisa- 
tion rates  ftom  direct  photons  were  added  to  background 
iomration  rates  produced  by  scattered  photons  t he  back 
ground  ionisation  rates  were  computed  with  the  same  code 
that  was  uses!  for  the  direct  ionisation  rates  with  the  following 
changes  The  solar  semth  angle  w as  set  to  sero,  and  the  photon 
fluxes  m the  1 1 spectrum  intervals  suggestcsl  by  Hintcrtfuttr  el 
at  (1965)  were  set  to  sero  except  for  the  wavelength  intervals 
1027-911  A,  bJO-460  A,  and  370-280  A The  (luxes  in  these 
intervals  were  set  at  I V ItV,  I V 10’,  and  I \ HI*  photons  cm  * 
s respectively,  and  correspond  to  II  Lyman  gt.  He  I 485  A, 
and  He  Lyman  <\  (C'Aeit  and  Harris.  1*77 1 1 The  total  photo* 
iomration  rates  ftom  both  the  direct  and  the  scattered  photons 
for  three  solar  renith  angles  (SZA'sl  arc  given  in  Figure  1 
Those  for  a SZA  of  109*  arc  efl'ectively  the  background  rates 
with  no  contribution  from  the  direct  rates 

Iomration  rates  from  precipitating  electrons  were  computed 
by  using  energy  distribution  functions  measured  bv  the  soft 
particle  sivectromctcr  (SI’SI  on  the  Isis  2 satellite  I he  ctiergv 
tune  spcxtrogiams  ovci  the  northern  polai  ,ap  on  December 


15  (day  349,  orbit  3278),  1971,  art  Ahown  in  Figures  2 and  3. 
The  satellite  crossed  the  northern  polar  cap  from  approxi- 
mately 1 200  M LT  (magnetic  local  time)  to  2300  M LT  (Figures 
2 and  .1).  Spectra  at  times  labeled  l-l  1 wert  selected  as  being 
representative  and  were  used  in  computing  the  ionisation  rates 
produced  by  the  electrons.  The  locations  of  the  satellite  al  the 
times  at  which  the  spectra  were  recorded  are  shown  in  Figure 
7,  The  electron  precipitation  was  assumed  to  be  uniform  in 
local  time  for  approximately  J hours  on  either  side  of  the 
satellite  track  in  both  the  dayside  cleft  region  and  the  nightside 
auroral  region.  Auroral  oval  emission  data  in  5577  A and  3914 
A recorded  on  the  Isis  2 satellite  [iui  and  Anftr.  1973)  indicate 
that  on  the  nightside  of  the  oval  the  precipitation  was,  in  fact, 
more  intense  in  the  premidnight  sector  than  in  the  post- 
midnight sector. 

The  data  ftom  the  satellite  pass  shown  represent  a quiet 
jscriod.  The  A ft'  index  was  below  100  y ftvr  28  hours  prior  to 
the  pass  except  for  two  short  excursions,  Sixteen  hours  prior  to 
the  pass  the  .4  ft  index  went  as  high  as  300  y during  a 2-hour 
petiod,  and  approximately  3 hours  before  the  pass  it  rose  to 
approximately  150  y ftvr  a 2-hour  period, 

The  proton  number  and  energy  fluxes  over  the  polar  region 
for  the  pass  shown  were  2 orders  of  magnitude  lower  than  the 
corresponding  electron  fluxes  and  have  been  neglected  as  an 
important  source  of  ionisation, 

F.lectron  spectra  for  several  pitch  angles  in  the  dovvngoing 
hemisphere  at  each  of  the  1 1 regions  enumerated  in  Figutes  2 
and  3 have  beett  analysed  and  used  to  derive  the  spectra 
illustrates)  in  Figures  4 and  5.  The  precipitating  flux  was  rea- 
sonably uniform  with  pitch  angle,  and  the  spectra  shown  are 
cousidetvxl  representative  of  the  spectra  observed  at  each  re- 
gion. The  SI'S  on  Isis  2 measures  electron  flux  down  to  5 eV, 
For  the  purpose  of  computing  ionisation  rates  from  these 
fluxes  we  have  arbitrarily  extended  the  measured  Ift-eV  fluxes 
to  1 cV  at  a constant  level.  Since  the  numerical  code  used  ftvr 
computing  thermal  plasma  behavior  does  not  balance  energy 
and  since  electrons  with  less  than  10-cV  energy  produce  no 
significant  ionisation,  this  extrapolation  has  no  significant  ef- 
fect on  the  numerical  results. 

The  ion  production  rates  ftom  the  electron  spectra  pre- 
sented above  were  computed  with  an  early  version  of  a com- 
puter rode  ftvr  the  interaction  of  energetic  electrons  with  the 
atmosphere  developed  by  Hanks  ti  at  1 1974),  I'roduction  rates 
ftvr  regions  2 and  9,  representative  of  the  cleft  and  nightside 
auroral  legions,  are  shown  in  Figure  b. 

The  flow  paths  around  which  the  plasma  tubes  were  carried 
in  the  numerical  simulation  are  those  presented  in  an  earlier 
paper  by  AmwAtea  11974)  and  are  reproduces!  as  Figure  7 
Results  were  obtained  only  for  paths  labeled  II— VI,  The  flow 
paths  define  the  motion  of  plasma  tubes  as  seen  by  an  observer 
m a nonrotaimg  frame  of  reference  looking  down  on  the  north 
polar  cap  That  is,  the  motion  includes  rowtation  so  that  the 
exposme  of  the  plasma  tubes  to  solar  KUV  photons  is  properly 
simulated  The  tubes  of  plasma  were  eonvceieil  across  the 
day  side  cleft  at  a velocity  of  I km  s and  on  across  the  cap  at  a 
vclovity  of  0 5 km  s.  They  vveie  ogam  convected  across  precip- 
itation region  7 (Figure  31  at  I km  s F.quatorwaixl  of  the  limit 
of  closed  field  hues  the  tubes  were  ronvevted  between  succes- 
sive dots  in  I hour  Analysis  of  energetic  electrons  measured 
on  Isis  2 at  gieater  than  20  ke' . gieatei  than  40  ke\ , and 
greater  than  .'00  ke\  indicates  that  the  field  lines  were  s loses! 
equatorward  of  Ci9*a  (|p  min,  40  s,  I iguie  31  and  that  no 
trapped  distiibutions  cxtsicsl  poleward  of  *0*A  m the  night 


ife* 


' ' \ fr • >t  f*e  I'  2 \r  ff  parocie  speedometer  December  I c 19'’!  Vvcai  noon  porlton  I ocaiion*  at 
itec^oo  <;pec?ra  *ere  ara»y/ed  for  u«^c  *rt  The  model  are  labeled 
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Fig.  4.  Representative  electron  particle  (lux  as  a function  of  energy. 

Numbers  refer  to  locations  labeled  in  Figure  2. 

sector  (16  min,  20  s,  Figure  3)  (J,  R.  Burrows,  private  commu- 
nication, 1976).  The  limit  of  closed  field  lines  in  the  night 
sector  of  Figure  7 is  consistent  with  this  observed  boundary. 
The  tubes  were  convected  slowly  through  precipitation  regions 
8-10  as  required  by  the  model,  and  as  we  shall  see,  these 
precipitation  regions  produced  considerable  ionization  in  the 
slowly  convccting  tubes. 

The  flow  pattern  of  Figure  7 in  the  dayside  cleft  region  and 
over  the  polar  cap  is  reasonably  consistent  with  that  derived 
from  vector  ion  velocity  data  by  Heelis  et  al.  (1976).  Flow 
across  the  cleft  and  into  the  polar  cap  is  observed  between 
approximately  0900  and  1500  MLT  as  has  been  assumed 
herein,  and  the  general  flow  pattern  of  Heelis  et  al.  presented 
with  corotation  removed  in  their  Figure  8 would,  with  corota- 
tion restored,  look  similar  to  that  of  our  Figure  7.  The  Harang 


Fig.  5 Representative  electron  particle  flux  as  a function  of  energy. 
Numbers  refer  to  locations  labeled  in  Figure  3. 


Fig.  6.  Production  rates  of  O*,  N,\  and  O,*  ions  by  the  electron 
particle  fluxes  at  locations  2 and  9 of  Figures  2 and  3. 


discontinuity  and  stagnation  points  ipust  exist  in  any  reason- 
able model  at  approximately  the  locations  indicated  in  Figure 
7,  and  the  flow  must  approach  corotation  in  the  vicinity  of 
55°A.  The  major  discrepancy  between  experimental  measure- 
ments and  the  'time  average’  representation  presented  in  Fig- 
ure 7 appears  to  be  in  the  magnitude  of  the  velocity  equa- 
torward  but  in  the  near  vicinity  of  the  limit  of  the  closed  field 
lines.  The  measured  velocity  is  of  the  order  of  I km/s,  whereas 
the  model  velocities  with  corotation  removed  are  of  the  order 
of  0.1  km/s.  The  measured  velocity  does  approach  corotation 
velocity  somewhere  between  70IIA  and  J0°A  [ Heelis  et  al., 
I976J.  The  velocities  with  which  the  plasma  tubes  wete  trans- 
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SOFT  ELECTRON  PRECIPITATION  ZONE 

LIMIT  OF  CLOSED  FIELD  LINES 

0 STAGNATION  POINT 

— PLASMA  PAUSE 

Fig  7.  Flow  paths  around  which  time-dependent  plasma  response 
was  computed  Locations  of  electron  spectra  are  indicated  by  the 
numbered  dots.  Numbers  correspond  to  those  m Figures  2 and  3. 
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-IS- ELECTRON  CONCENTRATION  IW4CM->| 
---CONVECTION  FLOW  LINES 

EXTRAROLATEO  CONTOURS 

— KM*  SOLAR  ZENITH  ANCLE 

Fin.  8.  Contours  of  A’, F,  derives!  from  the  numerical  analysis.  The 
short-dashed  portions  of  contour!  are  extrapolated  contours 


ported  across  the  cleft  and  polar  cap  are  reasonably  consistent 
with  observation. 

The  finite  time  steps  in  the  numerical  analysis  were  less  than 
or  equal  to  5 min.  In  regions  where  the  ion  production  rate  was 
changing  rapidly,  the  time  slep  was  decreased  appropriately. 
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Fig.  10.  Comparison  of  numerically  computed  electron  concentra- 
tion sviih  that  measured  by  the  topside  sounder  experiment  on  Isis  2 in 
vertical  profile. 


computations  for  flow  paths  equatorward  of  the  plasmapause 
were  not  performed  for  this  study.  Figure  9 shows  experimen- 
tal data  included  for  later  comparison. 

A local  noon-midnight  vertical  profile  comparison  of  the 
numerically  computed  electron  concentration  with  the  ob- 
served electron  concentration  is  shown  in  Figure  10.  The  ob- 
served datu  are  from  the  topside  sounder  experiment  on  Isis  2 
for  the  same  pass  as  that  from  which  the  energetic  electron  flux 
data  were  derived.  Comparison  of  the  model  results  with  the 
topside  sounder  data  is  meaningful  in  the  altitude  interval 
J 50-500  Km. 

In  Figure  1 1 we  show  a comparison  of  the  computed  elec- 
tron concentration  in  vertical  profile  with  the  plasma  tube 
convccting  and  with  it  stationary  (steady  state)  at  two  loca- 
tions along  path  IV,  The  observed  electron  concentration  is 
also  indicated.  Figure  12  shows  the  computed  electron  concen- 
tration at  midnight  on  path  II.  The  plasma  within  the  con- 
ceding tube  in  this  region  of  path  II  is  in  a steady  state 
condition. 


Discussion 


Results 

Contours  Nmh\  derived  from  the  numerical  results  are 
shown  in  map  view  in  Figure  8.  The  maximum  electron  con- 
centration in  each  vertical  profile  around  the  several  flow  paths 
was  plotted  and  subsequently  contoured.  The  short-dashed 
portions  of  the  contours  equatorward  of  the  lowest  latitude 
path  on  the  nightside  of  the  earth  are  extrapolated.  Numerical 
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Fig  9 Synoptic  A'.f,  contours  for  the  Antarctic  polar  region 
(after  Suio  and  Rourke  ( 1968)  and  reproduced  by  Thomas  anJAndrtws 
(1969))  Coordinates  ate  geographic  coordinates 


The  computed  electron  concentration  shown  in  map  view  in 
Figure  8 shows  several  of  the  features  characteristic  of  the 
polar  ionosphere.  First,  a 'tongue'  of  plasma  extends  front  the 


Fig.  1 1 Comparison  of  numerically  computed  electron  concentra- 
tion profiles,  convccting  and  steady  state,  in  the  cleft  (location  I ) and 
within  the  polar  cap  (location  I)  with  measured  concentration  loca- 
tion t corresponds  to  77°A.  U54  MIT.  100*  SZA,  and  particle 
spectrum  2 location  2 corresponds  to  84*A.  2100  Ml  T.  117*  SZA. 
and  particle  spectrum  5 
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local  noonside  of  the  earth  across  ihe  polar  cap  to  the  night- 
side.  Manifestations  of  this  tongue  in  time-averaged  frFt  data 
| /'Me.  197 1 J and  in  Aloucuc  I topside  sounder  data  at  350-km 
altitude  |(Vis/ii(/ii,  19671  were  presented  in  the  previous  paper 
[kmuhen,  1974)  In  Figure  9 we  have  reproduced  synoptic 
iV*f,  data  for  the  Antarctic  polar  region  in  geographic  coordi- 
nates (5'uro  ami  Rourke,  196.1;  reproduced  by  Thomas  tint I 
Andrews,  1969).  A tongue  is  clearly  visible  w ith  low  concentra- 
tion regions  on  either  side.  The  tongue  and  low  concentration 
regions  on  either  side  arc  reproduced  in  the  numerical  results. 
Not  present  in  Figure  9 are  the  ridge  of  ioni/atton  produced  by 
auroral  electron  precipitation  and  the  deep  trough  present  m 
the  numerical  results  These  discrepancies  will  be  addressed 
hereafter  The  region  oflow  concentration  on  the  local  evening 
side  of  the  tongue  in  the  numerical  model  results  fiom  the 
presence  of  a stagnation  point  outside  the  region  of  particle 
precipitation  (Figure  7)  and  direct  solar  photon  production 
Near  the  stagnation  point  in  local  winter  the  tubes  of  plasma 
move  sulliciently  slowly  for  the  concentration  to  decay  to  low 
values  The  region  oflow  concentration  on  the  morning  side  of 
the  tongue  in  the  numerical  model  results  from  lack  of  signifi- 
cant exposure  of  the  plasma  tubes  to  the  sun  and  to  the  more 
intense  mghtside  auroral  electron  precipitation  at  latitudes 
below  70° A iu  the  present  model 

The  direct  solar  photons  are  able  to  produce  a significant  F 
layer  for  solar  zenith  angles  from  0°  up  to  approximately  l(M° 
(compare  Figure  I ).  On  the  midnight  side  of  the  104°  S/A  of 
Figure  8,  only  the  scattered  photons  make  a contribution  to 
the  ion  production 

In  the  timc-aver.ig-'d  data  presented  by  At slthltt  (I967|  a 
maximum  existed  iu  the  evening  sector  at  about  60°A  The 
cause  of  the  maximum  is  uncertain,  although  ATs/iMi  (1967) 
assumed  that  it  was  a manifestation  of  the  mid-latitude  eve- 
ning increase  [Frarn,  I965|.  The  data  used  for  the  averaging 
included  data  from  August  29  to  November  10,  so  that  the 
stagnation  point  would  have  been  illuminated  by  direct  solar 
photons  at  nearly  all  universal  tunes  The  maximum  is  mu 
evident  m the  data  presented  by  Pike  (19711  «r  by  Stun  mu/ 
Hourke  (19641 

No.  significant  increase  m A - F,  was  evident  in  the  numerical 
results  in  the  cleft  region  (Figures  X and  10),  As  lias  been 
pointed  out  previously  \knuthen.  1974),  a large  increase  can- 
not be  expected  if  the  plasma  is  conxcctcd  across  the  deft  at  1 
km  s 1 or  the  present  example  the  maximum  increase  to  be 
expected  is 

A.\  „F,  ' /ir,  s : \ ;(p  cm  ’ s 1 \ 120  ,s  a 2.4  x 10*  cut  * 

The  value  is  only  I0T  of  A,,/-,  prior  to  entry  of  the  plasma  into . 
the  deft  Had  the  electron  concentration  been  m a steady  slate 
m the  deft  region,  the  v aluc  of  A„A,  w ould  litis  e been  a factor 
of  4 larger  m the  cleft  than  just  ctpiatorward  of  the  cleft 
(Figure  tl)  The  observed  electron  concentration  ai  400-ktn 
altitude  does  show  a small  increase  m concentration  at  the 
cleft  We  assume  tins  lo  be  primarily  a result  of  the  heating  of 
the  electron  gas  as  the  tube  converts  across  the  cleft.  The 
increase  m observed  concentration  m the  cleft  is  small  at  400 
km  but  increases  with  altitude  This  behavior  indicates  an 
increase  in  scale  height  and  not  an  increase  m A„F,  The 
increase  would  be  independent  of  altitude  if  the  electron  and 
on  temperature  were  held  constant,  as  is  evidenced  in  the 
nimeiic.il  results  of  Figure  1 1 As  has  been  pointed  out  pre- 
viously , the  numerical  model  did  not  include  energy  balance, 
and  the  electron  and  ion  temperatures  were  arbitrarily  set 
equal  to  the  neutral  temperature 


tig  12  Computed  election  •onccniration  profile  at  2400  Ml.T  on 
p.nli  tl  t lie  converting  and  steady  store  solutions  are  die  same  The 
observed  eleoiion  conecntrauon  n also  sinwn 


The  computed  electron  concentration  compares  favorably 
with  the  topside  sounder  electron  concentrations  in  the  alti- 
tude interval  m winch  die  two  sets  of  data  ovc-lap  The  10  X 
10*  cm  * contours  of  both  sets  of  data  coincide  rather  well 
from  7J° A on  the  daysidc  to  75°  A on  the  nightshle  of  the 
model.  The  prominent  variations  in  concentration  exhibited 
by  the  topside  sounder  data,  especially  at  higher  altitude,  are 
produced  by  increases  in  the  electron  and  ion  temperatures. 
This  is  evidenced,  as  was  previously  mentioned,  by  the  de- 
crease in  electron  concentration  variation  as  the  altitude  de- 
creases. The  model  results  are  not  expected  to  reproduce  these 
variations  because  the  electron  and  ion  temperatures  were  held 
constant  The  increase  m concentration  of  the  model  results  tit 
610  \ m die  mglu  sector  resulted  from  the  increase  in  ion 
production  rate  produced  by  energetic  electrons  (regions 
8-10)  Tltc  concentration  trough  at  '57° A results  from  a lack 
of  production  and  a long  decay  time  These  latter  features  do 
not  occur  tn  the  experimental  data. 

The  nearly  constant  value  of  A'„F,  over  tltc  polar  cap 
evidently  results  from  rapid  convection  of  plasma  from  the 
daysidc  of  the  cleft  The  concentration  profiles  dial  would 
occur  without  convection  (steady  slate)  are  shown  m Figure  1 1 
and  arc  compared  with  the  profiles  resulting  from  convection 
llic  noiiconvccting  profile  at  location  2 is  an  upper  limit 
profile  computed  from  the  production  rates  of  ions  for  the 
upper  limit  particle  precipitation  fiuv  labeled  5 m Figures  2 
and  4 The  profile  would  be  identical  to  the  steady  state  profile 
m Figure  12  were  die  particle  flux  zero 

Because  the  polar  cap  F layer  statistically  has  a large  con- 
centration and  decays  across  the  cap  from  noon  to  midnight  in 
a manner  consistent  with  convection  (ATsftnfu.  1967;  knmisen, 
I974),  it  is  reasonable  to  infer  that  F layer  plasma  musl  be 
conxcctcd  rather  steadily  across  tit.  deft  near  the  local  noon- 
time sector  Were  convection  of  ionospheric  plasma  across  the 
cleft  and  on  across  the  polar  cap  to  cease  for  a period  of 
several  hours,  the  polar  cap  F layer  w ould  decay  by  as  much  as 
an  order  of  magnitude. 

The  ridge  of  high  ion  concentration  occurring  in  the  numer- 
ical results  equntorward  of  70°  on  the  nighlside  of  the  earth 
(Figure  8)  is  produced  by  assumed  slow  convection  of  plasma 
through  the  intense  particle  precipitation  zones  represented  by 
spectra  8 and  9.  of  Figure  3.  This  ridge  of  ionization  is  not 
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present  in  the  observed  electron  concentration  (Figure  10). 
Statistical  studies  also  show  little  or  no  enhancement  in  the 
nightside  auroral  zone  [see  Knudsen,  1974],  Suppression  of 
such  a ridge  could  be  accomplished  by  moving  the  plasma 
through  these  zones  rapidly.  Rapid  convection  would  not  per- 
mit buildup  of  ionization  in  a tube  as  it  crossed  the  zonc(s)  of 
high  particle  precipitation.  The  buildup  may  also  be  sup- 
pressed through  an  increased  loss  rate  within  the  auroral  zone 
(ScAunL  et  al„  1976]. 

A trough  region  of  low  ion  concentration  was  produced  in 
the  numerical  results  cquatorward  of  the  ridge  of  high  ion 
concentration  from  approximately  1800  MLT  to  0600  MLT. 
The  trough  resulted  from  the  slow  convection  of  plasma  m-ur 
the  evening  stagnation  point  at  which  location  the  solar  zenith 
angle  was  too  large  for  dircc  solar  photons  to  maintain  the  F, 
layer  ion  concentration  at  a high  value  against  the  normal  ion 
loss  processes  and  polar  wind  escape.  A ‘steady  state'  level  of 
ion  concentration  of  flow  line  II  around  the  nightside  of  the 
polar  region  was  maintained  by  the  scattered  solar  photon  flux 
level  assumed  to  be  present  in  the  model.  The  trough  dis- 
appears on  the  morning  side  as  the  plasma  tube  emerges  into 
the  direct  solar  photon  flux.  The  ionization  level  in  the  trough 
would  be  least  near  midnight  and  greater  toward  the  evening 
and  morning  sectors  in  a more  realistic  model  in  which  the 
scattered  solar  photon  flux  decreased  with  increasing  solar 
zenith  angle. 

The  deep  trough  evident  in  the  numerical  results  (Figures  8 
and  10)  did  not  appear  in  the  topside  sounder  data.  The 
probable  explanation  is  that  variation  of  the  convection  elec- 
tric field  and  hence  flow  paths  with  time  prevents  the  develop- 
ment of  the  deep  trough.  The  flow  paths  must  be  steady  for 
periods  of  the  order  of  24  hours  for  a deep  trough  to  develop  in 
the  manner  suggested  by  Knudsen  [1974]  and  demonstrated  in 
the  present  numerical  results.  As  was  pointed  out  earlier,  the 
magnetic  AE  index  was  small  and  steads  except  for  tsso  short 
excursions  for  28  hours  poor  to  the  orbit  selected  for  analysis 
Hence  the  conditions  for  development  of  a trough  by  slow 
convection  would  seem  to  have  been  fulfilled  as  well  as  one 
could  expect  Resolution  of  this  discrepancy  must  await  future 
studies 

Sl'MMARX  ANl>  CONfl  L'SIONS 

The  time-dependent  behavior  of  the  F layer  plasma  within  a 
magnetic  flux  tube  is  computed  for  the  lube  carried  around 
several  flow  paths  in  the  polar  regions.  The  flow  paths  are 
those  proposed  in  a previous  paper  by  Knudsen  |1974|  As  the 
tube  traverses  each  path,  it  is  subjected  to  time-dependent 
ionization  rates  from  direct  and  scattered  solar  photons  and 
precipitating  energetic  electrons.  Ionization  rates  for  the  ener- 
getic electrons  are  computed  from  energy  spectra  observed  by 
the  Isis  2 soft  particle  spectrometer  The  numerical  results  are 
presented  in  the  form  of  a map  view  of  A„F,  contours,  elec- 
tron concentration  in  vertical  section  over  the  magnetic  pole 
from  noon  to  midnight,  and  several  vertical  profiles  of  electron 
concentration  at  several  locations  for  both  conceding  and 
noneonvecimg  flux  tubes  The  computed  electron  concentra- 
tions are  compared  with  observed  electron  concentrations 
from  topside  sounder  data  obtained  in  the  same  satellite  pass 
as  the  energetic  electron  flux  data 

The  proposed  convection  field  produced  a tongue  of  F layer 
plasma  extending  from  the  day  side  of  the  cleft  over  the  polar 
cap  with  concentrations  consistent  with  the  observed  concen- 
trations. Had  the  t layer  been  assumed  to  be  stationary  (non- 
convccuug)  vv  uhin  the  polar  cap.  the  computed  concentrations 


would  have  been  a factor  of  10  too  small.  Concentration  Mows’ 
on  either  side  of  the  tongue  are  consistent  with  some  pre- 
viously observed  synoptic  data.  No  significant  increase  in 
NmF,  occurred  at  the  cleft  in  the  model  results.  This  behavior 
is  consistent  with  the  observed  behavior.  In  diffusive  equilib- 
rium an  increase  of  approximately  4 in  concentration  would 
have  existed. 

The  presence  of  the  polar  cap  F layer  with  peak  electron 
concentrations  typically  in  excess  of  10*  cm"’  implies,  when  it 
is  interpreted  in  the  light  of  the  present  study  and  a previous 
study  [Knttdsen,  1974],  that  F layer  plasma  is  rather  steadily 
convected  across  the  cleft  in  the  local  noontime  sector  and  on 
across  the  polar  cap. 

A ridge  of  ionization  not  present  in  the  observed  ionosphere 
was  predicted  by  the  numerical  simulation  in  the  nightside 
auroral  zone.  Several  zones  of  particle  precipitation  were  mea- 
sured bv  the  Isis  2 satellite,  and  the  plasma  tubes  were  trans- 
ported at  high  velocity  (I  km/s)  only  through  the  highest 
latitude  zone.  Evidently,  the  plasma  tubes  arc  transoorted 
rapidly  across  zones  of  high  precipitation,  and/or  some  addi- 
tional loss  mechanism  is  operative  in  the  precipitation  zones. 

A trough  of  low  electron  concentration  was  predicted  by  the 
numerical  model  which  extended  from  approximately 
1800-2400  MLT  to  approximately  0600  MLT.  The  electron 
concentration  in  the  trough  was  constant  with  local  time  and 
maintained  by  the  assumed  constant  flux  of  solar  F.UV  pho- 
tons scattered  into  the  night  ionosphere.  No  trough  was  pre- 
sent in  the  Isis  2 topside  sounder  data,  A satisfactory  ex- 
planation for  the  latter  discrepancy  must  await  future  studies. 
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about  a factor  of  4 smaller  than  that  introduced  by  the  uncer- 
tainties in  the  measurements  of  the  slant  ranges,  it  has  not  been 
corrected  in  the  final  results.  Uncertainties  of  ±10  km  in  the 
slant  range  and  assumed  altitude  yield  a spread  of  about  ±0.4° 
in  the  latitude. 

During  the  December  period  of  observation,  periodic  mea- 
surements of  the  cleft  location  were  also  made  by  the  Isis  2 
satellite.  The  satellite  measurements  arc  shown  by  solid 
triangles  in  the  plots  of  A,  for  December  4 and  December  6. 
Absorption  prevented  ionosonde  measurements  at  the  time  of 
the  December  4 satellite  crossing.  Simultaneous  measurements 
were  obtained  on  December  6 and  on  another  duy  later  in  the 
month  when  IMF  data  were  not  available.  On  these  two 
occasions  the  ionosonde  and  satellite  measurements  of  the 
cleft's  position  agreed  to  within  0,5°. 

Magnetic  conditions  during  the  observations  are  shown  in 
Table  2.  The  local  K for  College,  a station  near  the  magnetic 
longitude  of  the  ionosondes,  is  shown  as  well  as  the  planetary 
index  Kp. 

December  4, 1974 

As  is  true  throughout  most  of  the  periods  to  be  covered,  this 
time  was  fairly  quite  magnetically  (Figure  4).  The  College 
magnetogram  showed  a small  amount  of  activity  at  2020, 
2150,  and  2350.  Small  positive  buys  ('50  y)  were  recorded  at 
l.cirvogur  from  2220  to  2250  and  at  2340. 

The  ; component  of  the  IMF  shows  small  fluctuations 
throughout  the  period;  these  fluctuations  arc  probably  due  to 
waves  propagating  upstream  from  the  bow  shock  [Heppnerei 
al.,  1967).  8,  is  mostly  positive,  but  does  turn  significantly 
negative  front  2128  to  2222  UT. 

The  cleft  measurements  are  unfortunately  prevented  by  D 
region  absorption  of  the  ionosonde  signals  from  1900  and 
2100.  Just  prior  to  1900,  AA  is  between  4 I"  and  +2°.  The  cleft 
remains  mostly  poleward  of  its  expected  position  until  '2200, 
when  it  begins  to  move  equatorward.  This  motion  continues 
until  about  2240,  when  the  equatorward  edge  comes  to  rest 
over  Sachs  Harbor.  Equatorward  motion  resumes  at  2330,  ami 
for  the  remainder  of  the  period  (he  equatorward  edge  was  at 
least  as  far  south  as  Cape  Parry. 

Because  of  the  gap  caused  by  the  absorption  it  is  diflicult  to 
associate  w ith  certainty  the  equatorward  motion  of  the  cleft  at 
2200  with  the  southward  turning  of  8,  at  2128.  The  sudden 
equatorward  movement  of  the  cleft  at  2330  is  quite  clear, 
however,  and  coincides  (within  the  resolution,  available)  with 
the  onset  of  the  small  positive  bay  at  Leirvogur. 

December  6-7,  1974 

Al  the  time  at  which  the  IMF  measurements  begin,  8,  is 
northward  at  about  F4  y and  is  slowly  decreasing  (I  igure  5). 
Unfortunately,  there  is  a large  gap  in  the  IMF  data  between 
2100  and  2200.  It  is  thus  not  possible  to  determine  exactly 
when  8,  first  becomes  negative. 

The  cleft  first  begins  to  move  equatorward  at  about  2200 
UT,  possibly  soon  after  B,  goes  negative.  This  motion  eontin 
ties  until  about  2215,  when  both  AA  and  8,  become  more 
positive.  8,  remains  close  to  re ro  until  2313,  when  it  turns 
sharply  southward.  During  this  time  the  cleft  first  moves  pole 
ward,  peaking  at  '2230,  then  moves  equatorward  until  '2250, 
and  then  moves  poleward  until  2309,  when  it  moves  sharply 
equatorward. 

Because  of  the  gap  in  the  magnetic  data  it  is  not  possible  to 
establish  the  timing  between  the  initial  equatorward  motion  of 
the  deft  at  2200  and  the  southward  turning  of  the  field.  Nor  is 


it  clear  why  AA  goes  negative  again  after  2230.  It  may  be  that 
the  motion  of  the  cleft  from  2200  to  2305  is  related  to  os- 
cillations in  the  position  of  the  magnetopause,  such  as  have 
been  reported  by,  for  example,  Aubry  etal  [1970)  and  derived 
theoretically  by  Hoher  and  Reid  (1975),  The  period  in  the 
present  ease  (-30  min)  is  longer  by  a factor  of  2 or  more  than 
the  reported  periods,  however. 

The  drop  in  AA  at  2309  may  be  associated  with  the  sharp 
change  in  8,  at  2313.  Allowing  for  the  assumed  propagation 
delay,  AA  thus  drops  about  10  min  before  the  change  in  8,. 
The  inconsistency  may  be  due  to  the  fact  that  the  satellite  was 
'18  Rk  above  the  ecliptic  plane  and  that  the  discontinuity  was 
in  a plane  other  than  that  assumed.  These  circumstances  may 
invalidate  our  simple  model  for  the  propagation  of  changes  in 
8,.  Following  this  drop  the  cleft  remains  about  1.5°  below  its 
expected  position  and  docs  not  return  poleward  as  it  did 
following  the  decrease  of  2200.  This  difference  might  be  ac- 
counted for  by  the  fact  that  B,  remains  significantly  southward 
after  2313,  while  it  became  more  positive  following  the  de- 
crease at  2200. 

Since  the  geomagnetic  activity  is  so  low  prior  to  2345,  we 
assume  that  the  motion  of  the  cleft  up  to  this  time  is  due 
principally  to  changes  in  the  IMF.  On  the  other  hand,  from 
2345  on,  8,  remains  southward,  and  one  would  not  expect  it  to 
be  responsible  for  the  equatorward  motion  of  the  cleft  at  001 5. 
This  motion  may  be  associated  with  the  weak  geomagnetic 
activity  from  '2400  on. 

January  1-2 , 1975 

8,  is  relatively  smooth  on  this  day  and  exhibits  three  well- 
defined  southward  turnings,  one  sharp  drop  at  2220  and  two 
significant  zero  crossings  at  '2242  and  2355  (Figure  6).  The 
nightsidc  magnetograms  arc  again  very  quiet,  but  Leirvogur 
did  record  a sharp  negative  bay  of  < 100  y beginning  at  0135. 

Although  there  is  little  magnetic  activity  and  8,  is  north- 
ward until  '2240,  the  deft  is  found  equatorward  of  its  ex- 
pected position  throughout  the  period.  The  sharp  drop  in  8, 
near  2220  does  not  appear  to  provoke  a response  in  Ar,  possi- 
bly because  8,  docs  not  go  very  negative  or  because  the  cleft  is 
already  somewhat  equatorward.  The  cleft  does  move  equa- 
torward at  2245,  about  5 mm  after  the  southward  turning  of 
8,.  8,  returns  to  positive  values  w ithin  several  minutes,  but  AA 
remains  at  about  -1.5°  for  the  ensuing  hour.  Why  AA  stays 
depressed  is  not  clear,  there  is  only  a very  small  amount  of 
magnetic  activity  (A//  <-  50  y)  recorded  on  the  nightside  at 
this  time. 

When  8,  becomes  negative  again  al  2355,  AA  actually  be- 
comes more  positive,  in  contrast  to  the  earlier  results,  8, 
remains  near  I y throughout  the  rest  of  the  period,  but  the 
cleft  begins  to  move  equatorward  again  at  0100.  The  cause  of 
this  motion  is  also  unclear,  it  may  he  simply  an  extreme 
example  of  the  diurnal  motion. 

Jamiarr9-I().  1975 

During  this  interval,  8,  again  shows  evidence  of  upstream 
waves  and  does  not  exhibit  any  well-defined  sustained  changes 
in  direction  (Figure  7).  8,  is  positive  throughout  most  of  the 
record  Aside  from  some  small  disturbances  from  -2100  to 
' 2230,  nightside  magnetic  activity  is  quiet. 

During  the  first  hour  the  cleft  is  moving  poleward.  At  2200, 
AA  starts  to  become  more  negative,  possibly  in  response  to  the 
geomagnetic  activity  occurring  at  that  time  I or  the  remainder 
of  the  period  the  c left  remains  a degree  or  so  equatorward  of 
its  expected  position. 
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lonosonde  Observations  of  the  Northern  Magnetospheric  Cleft 
During  December  1974  and  January  1975 

G.S.  Stilus.1 * *  E.  W,  Hones,  Jr.,*  J.  D.  Winningham,'  R.  P.  Lipping,4  and  B.  S.  Delana* 

During  December  1974  and  January  1975  the  northern  magnetospheric  deft  was  monitored  by 
ion.jonoes  at  Cape  Parry  and  Sachs  Harbor,  Northwest  Territories,  Canada,  in  support  of  rochet  shots 
into  the  cleft,  tonogranis  were  taken  nominally  at  IS-ntiti  intervals  but  ns  rapidly  as  two  pet  minute 
during  times  of  particular  interest.  Analysis  of  5 days  of  data  shows  the  ionosphere  at  cleft  latitudes  to  be 
scry  complex  and  dynamic  The  ionograms  odea  show  considerable  structure  and  can  change  appearance 
significantly  in  a •"•v.X.  ,-r  two.  The  cleft  at  times  appears  to  move  cquatorward  in  response  cither  to  a 
southward  tinning  of  the  Interplanetary  magnetic  field  or  to  the  occurrence  of  geomagnetic  disturbances. 
This  response  is  in  agreement  with  the  conclusions  of  previous  satellite  studies.  Behavior  contrary  to  this 
generalization  is  not  uncommon,  however,  and  therefore  it  may  not  always  hold  on  time  scales  consid- 
erably shorter  than  the  satellite  orbital  period  of  5 1 hour.  The  rate  of  the  cleft's  motion  may  vary  from 
'(1.05  to  -0.5  dcg/ntin. 


iNtROtn.'CTION 

Since  the  initial  discovery  of  the  magnetospheric  clef!  by 
satellite  instrumentation  [Hfikkila  ft  til.,  1970;  Wiiminghum, 
1970;  Hfikkila  uml  Wimtinghitnt,  1971;  Frank,  1971;  Frank  ami 
Aekerstm,  1971;  Kussfll  ft  til.,  1971],  considerable  efibrt  bus 
been  devoted  to  the  investigation  of  ibis  phenomenon  (sec 
(he  summary  by  VitsyUaim  |I9?4|).  This  work  has  shown  that 
she  plasma  found  in  the  cleft  is  very  much  like  (hut  seen 
in  the  magncloshc.nh  [c.g.,  Il’lmimg/ium,  1972].  The  location 
of  the  clcll  has  'ecu  found  to  respond  both  to  changes  in  the 
interplanetary  magnetic  field  and  to  the  occurrence  of  geomag- 
netic disturbances  [Hurth.  1972;  Ktunidt  ft  til , 1976],  Much  of 
the  current  study  in  ibis  field  is  thus  devoted  to  the  relation 
between  ihe  interplanetary  and  cleft  magnetic  fields  and  the 
mechanism  by  which  the  magnctoshcath  plasma  enters  the 
cleft. 

During  December  1974  and  January  1975  two  groups 
launched  rockets  into  the  northern  cleft  in  attempts  to  examine 
the  particle  populations,  the  magnetic  field,  and  the  convection 
of  plasma.  The  success  of  these  experiments  depended  upon  an 
accurate  knowledge  of  the  location  of  the  cleft  prior  to  the 
launching  of  the  rockets.  Ground-based  tonosondes  were  one 
of  the  techniques  used  to  monitor  the  cleft's  position  In  tins 
paper  we  describe  the  results  of  an  analysis  of  the  ionograms 
made  ut  support  of  the  rocket  fiiglits, 

Lite  rockets  were  launched  from  Cape  Parry,  located  on  the 
Arctic  coast  of  Canada  (t  igttrc  I ) The  December  Itights  were 
organized  by  a Canadian  group  and  concentrated  on  making 
optical  and  particle  measurements,  the  initial  results  arc  re- 
ported by  Slttphfnl  ft  at  |197b)  The  January  flights  were  a 
cooperative  elTort  by  the  Los  Alamos  Scientific  Laboratory 
(l.ASl  ) and  the  University  of  Alaska  (UAN).  Two  rockets 
were  launched  whose  primary  pm  pose  was  to  project  barium 
ion  clouds  upwaid  along  the  cleft  field  fines  by  means  of 
shaped  explosive  charges  Hie  rockets  also  carried  panicle 
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detectors.  The  LASt-UAK  experiments  have  been  described 
by  Jtffrin  ft  til.  11975], 

A considerable  amount  of  ground  based  data  were  taken  in 
support  of  these  llights  to  aid  both  in  the  location  of  the  cleft 
and  in  the  interpretation  of  the  results,  tonosondes  were  lo- 
cated at  Cape  Parry  and  Sitehs  Harbor  (sec  Figure  I),  lotto- 
sondes  have  proven  most  useful  in  locating  Ihe  projection  of 
the  cleft  upon  the  ionosphere  \l'ike,  1971,  1972;  HTmii'iigJiiim 
aittl  I’ikf,  1972;  I’ikf  ft  til ..  1974;  Ungstrup  ft  at..  1975;  Shcp- 
hftt/  ft  at..  I97(i],  Ionograms  were  taken  nominally  at  1 5-mitt 
intervals;  however,  during  periods  of  particular  interest  the 
spacing  was  decreased  to  a minute  or  so. 

Optical  phenomena  were  also  monitored.  Photometers  were 
installed  at  Cape  Parry  and  Sachs  Harbor,  and  an  alt-sky 
camera  w as  located  at  Sachs  Harbor.  Some  of  the  photometric 
observations  during  this  period  arc  described  by  Sltfphfrd  ft 
til.  (I97b|.  ItViu/cn  wul  I’ikf  [I97.l|  had  shown  earlier  that 
photometer  measurements  of  b.'OO-A  emissions  may  be  used  to 
determine  the  position  of  the  cleft. 

Satellite  data  were  used  to  check  the  ground-based  measure- 
ments and  to  aid  in  the  analysis  of  the  results.  The  position  of 
the  cleft  was  measured  on  several  passes  by  the  soft  particle 
spectrometer  (SI’S)  aboard  Isis  2 [Hfikkila  and  It  mningham, 
1971)  Defense  Meteorological  Satellite  Program  satellite 
photos  [c.g,,  I’ikf  and  lihalfn,  1974]  were  used  to  monitor 
auroral  activity  The  interplanetary  magnetic  field  (IMP land 
solar  wind  velocity  were  measured  by  Imp  8 whenever  that 
satellite  was  suitably  located.  One  of  the  principal  goals  of  the 
ptcscm  study  was  to  investigate  the  relation  between  changes 
in  the  IMP  and  the  movement  of  the  cleft  Earlier  work  (e  g . 
Hurfh.  1972]  indicates  that  the  motion  of  the  cleft  is  cot  related 
with  changes  in  the  : component  of  the  IMP. 

Rixti  is 

Since  the  ionospheric  manifestation  of  the  cleft  may  lie  a 
degree  or  more  wide  and  since  its  poleward  boundary  may  not 
be  sharply  defined,  tonosondes  are  most  useful  in  tracking  the 
position  of  the  cleft  w lien  it  is  poleward  of  the  sounder  Under 
these  conditions,  oblique  echoes  of  the  lonosonde  radio  signals 
ft  out  the  cleft's  (datively  sharp  cquatorward  boundary  of 
ionization  will  produce  unique  traces  on  the  lonoginnt  pro- 
vided that  the  cleft  is  not  too  distant  (examples  .tie  given  by 
me  11971.  1972],  t’lkffi  at  [1974],  ( ngurupet  at  ||978|,and 
Sltfphfnl  ft  ii / [I47(i||  During  the  December  and  January 
period  tins  condition  was  satisfied  lot  5 of  the  7 days  on  which 
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Fig.  I . Rocket*  were  launched  from  Cape  Parry,  Northwest  Terri- 
lories,  Canada,  lonosondes  were  located  at  Cape  Parry  and  Sachs 
Harbor.  Coordinates  are  invariant  geomagnetic  latitude  and  longitude 
(£t'»m  rr  tiA.  1964]  at  an  altitude  of  .'00  km. 


IMF  measurements  were  obtained  by  Imp  8,  The  discussion 
below  will  be  limited  to  ionograms  made  on  those  days, 

We  first  examine  two  sequences  of  onogrttms  to  give  the 
reader  an  idea  of  the  type  of  data  upo’i  which  the  conclusions 
below  are  based.  These  sequences  arc  intended  to  emphasise 
the  rapid  and  dramatic  variations  that  can  occur  in  the  iono- 
grams  and  to  indicate  the  problems  that  may  arise  when  one 
tries  to  deduce  the  position  of  the  cleft. 

The  first  sequence  (Figure  2)  was  made  on  December  6, 
1974,  from  2305  to  2325  UT.  (The  rocket  flight  described  by 
Shrphml  el  ill . |I976]  began  at  2332:06  UT.)  The  Sachs  Har- 
bor records  do  not  show  much  change  throughout  this  period. 
There  is  some  evidence  of  the  normal  ,V  and  0 /•'  layer  traces, 
but  the  critical  frequencies  are  not  particularly  well  defined 
(except  at  2315,  where  the  second-order  trace  is  fuirly  clean). 
Throughout  most  of  the  records  there  is  an  irregular  feature 
extending  past  5 MID  between  300  and  400  km  that  shows 
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Fig,  3.  loaograms  for  January  1 1,  1975. 


spreading  and  only  a small  amount  of  retardation  at  its  high- 
frequency  end.  Such  irregularities  are  characteristic  of  the  cleft 
and,  with  the  presence  of  the  obscured  A'  and  0 traces,  suggest 
that  the  equatorward  boundary  of  the  cleft  is  located  close  to 
Sachs  Harbor. 

The  Cape  Parry  records  differ  greatly  from  those  made  at 
Sachs  Harbor.  At  2306  the  Cape  Parry  0 and  A'  traces  are 
better  delincd.  At  this  time  the  only  evidence  of  the  cleft  at 
Cape  Parry  is  several  horizontal  features  just  above  5 MHz 
between  about  390  and  510  km.  As  is  explained  in  the  work  by 
t'ike  (1971,  1972],  these  returns  are  interpreted  as  being 
oblique  reflections  from  ionospheric  features  that  are  not  di- 
rectly above  the  sounder.  The  closest  feature  is  presumed  to  be 
the  equatorward  edge  of  the  cleft  precipitation  zone.  The 
measured  height  ( - 390  km  for  the  closest  feature)  thus  gives 
the  slant  range  along  the  oblique  path  to  the  edge  of  the  cleft. 
The  actual  altitude  of  the  cleft  must  be  assumed.  Note  that  at 
2306,  virtually  no  returns  are  visible  between  300  and  400  km 
from  '2  to  -3.5  MHz. 

In  the  next  ionogram  (2309  UT).  however,  there  is  a strong 
oblique  return  (with  retardation  at  its  high-  and  low-frequency 
ends)  from  the  cleft  between  2 and  5 MHz  with  a minimum 
range  of  ' 360  km.  ll  does  not  appear  that  this  feature  is  the 
result  of  a simple  equatorward  motion  of  the  cleft;  the  feature 
at  430  km  (3  5 MHz)  at  2306  actually  seems  to  have  moved 
poleward  (to  '450  km)  by  2309. 

By  231 1 there  is  a strong  cleft  return  at  '315  km.  There  is  a 
hint  of  a return  near  this  altitude  at  2309,  and  it  is  not  dear 
whether  the  strong  return  at  2309  lias  moved  equatorwa'd  or 
whether  a new  feature  has  appeared  The  short  feature  at  '3  4 
MHz,  ' 350  km  may  be  the  remains  of  the  strong  trace  at  2309 

Throughout  the  remainder  of  the  sequence  the  ionograms 
continue  to  show  rapid  variations.  At  times  there  may  be  only 
one  predominant  trace  (2313,  300  km,  3 MHz,  and  2320,  340 
km,  3 MHz),  while  minutes  later  several  weaker  cleft  returns 
may  he  detectable  (2315  and  2323)  (Note  that  the  appearance 
of  a stiong  sharp  return  at  short  range  seems  to  preclude 
observation  of  weaker  returns  at  longer  ranges  ) file  virtual 
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tog  4 Or  omul  mugneiogruim,  inicrptanctar)  magnetic  field,  amt 
invariant  latmnic  of  the  cleft  for  December  4.  1974  Sec  text  for 
explanation  Magnetic  local  time  is  shown  along  the  bottom 

heights  of  the  returns  may  vary  h>  several  tens  of  kilometers 
from  record  to  record.  It  is  ditlicult  to  account  for  these 
changes  in  height  and  appearance  by  assuming  that  the  cleft  as 
a whole  is  simply  moving  latitudinally. 

I he  second  sapience  of  lonogrums  (figure  .1)  was  made  just 
prior  to  the  second  l.ASl.-UAK  barium  release,  which  oc- 
curred at  00)2  UT  on  January  It,  1975.  As  m Figure  2 the 
Sachs  Harbor  records  indicate  that  the  cquatorwurd  edge  of 
the  cleft  is  very  close  and  possibly  overhead.  The  F layer  (.V 
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and  O)  traces  show  considerable  frequency  spreading,  At  0020 
a broad  trace  extending  from  about  2.7  Mil/  at  200  km  to 
about  5,7  Mil/,  at  2)0  km  may  be  seen;  this  may  be  an  auroral 
I:  layer  seen  obliquely.  Five  minutes  later  this  feature  has 
increased  about  )0  km  in  range.  Note  that  the  space  between 
200  and  )00  km  is  almost  tilled  at  ) Mil/.  At  00)0  there  are 
two  strong  traces,  one  like  the  first  feature  at  0020  at  200  km 
and  another  eleftlikc  trace  near  260  km.  A fainter  trace  may  be 
seen  near  350  km. 

The  Cape  Parry  records  in  this  interval  show,  as  in  the 
previous  example,  more  sanation  than  do  those  front  Sachs 
Harbor.  Throughout  the  sequence  the  .V  and  0 returns  from 
the  ttotmal  F layer  may  be  seen.  The  traces  at  - )00  and  v .150 
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km  between  1.5  and  2.5  Mil/,  which  show  the  same  shape  as 
tht  0 trace,  are  probably  returns  from  a tilted  F layer  pole- 
ward  of  the  station  and  in  the  vicinity  of  the  equatorward  edge 
of  the  ctcfl. 

The  cleft  returns  in  this  sequence  may  be  found  between 
- 300  and  - 500  km  at  frequencies  above  (to  the  right  of)  the  .V 
trace.  At  0022  two  cleft  returns  may  be  seen  at  300  and  340  km. 
Over  the  next  5 min  these  returns  change  rapidly.  It  appears 
that  all  the  traces  may  be  drifting  poleward  at  a rate  ('0.5 
km/s)  sufficient  to  produce  an  increase  in  slant  range  of  '20 
km/min.  Drifts  of  similar  magnitude  and  direction  have  been 
reported  for  the  flayer  plasma  in  the  deft  [A'/inr/.wi.  1974]  and 
dayside  auroral  features  [Yorobjev  ft  til..  1975],  Note  again 
that  at  several  times,  multiple  eleftlike  returns  can  be  seen. 

Before  proceeding  with  the  discussion  of  the  analysis  of 
ionograms  of  this  type  we  should  summarize  brielly  their  more 
important  characteristics.  First,  as  is  most  obvious  from  the 
examples,  the  appearance  of  the  ionograms  may  change  signif- 
icantly on  a time  scale  of  a minute  or  so,  traces  may  appear 
and  disappear  rapidly  Second,  the  ionograms  from  the  two 
stations  may  dill'er  greatly  (this  is  due  to  the  difierent  positions 
of  the  two  stations  relative  to  the  cleft  and  may  retied  signifi- 
cant changes  m the  nature  of  the  cleft  over  distances  of  ' 100 
km).  These  factors  greatly  complicate  the  process  of  tracking 
the  deft  by  simply  measuring  the  slant  range  of  apparently 
oblique  returns. 

The  results  of  scaling  the  ionograms  are  shown  in  Figures 
4-8.  At  the  top  of  each  figure  are  shown  nightside  magneto- 


TABl  l'  I Position  of  Imp  8 in  Solar  Magnclosphcrtc  Coordinates 


Dale 

z.«, 

5.  deg 

8,  deg 

December  4-5. 1974 

33  6 

303  2 

64 

December  6-7, 1974 

27  6 

21  3 

42.9 

Januarv  1-2, 1975 

31  2 

83  4 

15.1 

Janu.i  v 9-it),  1975 

u > 

259  1 

-14.2 

Januan  10-M.  1975 

28  5 

287  1 

97 

TABU:  2,  College  K and  I’lrnctary  Kp  Magnetic  Activity  Indices 


Date 

1800-2100 

UT 

2100-2400 

UT 

0000-0300 

UT 

December  4-5, 1974 

l.l 

l.l 

1, 1 

December  6-7, 1974 

0.04 

0. 1- 

0.2- 

January  1-2, 1975 

1.2 

1.2- 

0. 1 4 

January  9-|0, 1975 

l.l- 

0, 14- 

0.2- 

January  10-11. 1975 

1.04- 

0,14 

0.2 

A is  the  first  number  in  each  entry,  and  Kp  is  the  second. 


grams  from  Kiruna  (magnetic  midnight,  —2100  UT)  and 
Lcirvogur  (magnetic  midnight,  '(XXX)  UT). 

in  the  second  panel  is  shown  the  : component  (in  solar 
mngnctosphcric  coordinates,  positive  northward)  of  the  IMF. 
These  measurements  arc  1.02-min  averages.  The  data  show 
occasional  gaps  of  several  minutes.  The  position  of  the  satellite 
is  given  in  Tabic  I.  At  all  times  of  interest.  Imp  8 was  in  the 
solar  wind. 

The  solid  vertical  lines  drawn  across  the  panels  mark  ap- 
proximate limes  when  H,  goes  negative.  The  dashed  vertical 
lines  are  estimates  of  the  times  at  which  the  changes  in  H, 
should  reach  the  nose  of  the  magnetosphere  if  the  associated 
change  in  the  total  field  vector  is  primarily  a latitudinal  one 
and  at  approximately  the  fixed  longitudinal  direction  of  135° 
(or  315®)  and  if  this  discontinuity  (or  gradient)  moves  radially 
outward  from  the  sun  at  ' 450  km/s.  (The  longitudinal  direc- 
tion and  the  solar  wind  speed  have  been  checked  against  the 
available  data  and  faithfully  apply  to  most  events  within  ac- 
ceptable error  limits.)  Since  we  are  limited  to  data  from  one 
satellite,  we  obviously  cannot  determine  with  certainty  the 
surface  of  the  change  in  11  „ the  dashed  lines  are  intended  only 
as  rough  estimates. 

The  third  panel  gives  the  absolute  location  K in  corrected 
geomagnetic  latitude  of  the  equatorward  edge  of  the  cleft  as 
determined  by  the  method  described  below.  The  fourth  panel 
gives  the  deviation  2t\  of  the  cleft  from  its  expected  position. 
The  expected  position,  which  is  a function  of  magnetic  local 
time,  is  a smoothed  version  of  the  results  of  lYimmgham 
[1972]  and  is  shown  as  a solid  line  in  the  third  panel.  It  may  be 
that  Wmnmgham's  curve  should  be  shifted  a degree  or  so  to 
higher  latitudes  [sec  Funk,  I972|  because  of  seasonal  varia- 
tions. We  arc  more  interested  in  the  motion  of  the  cleft  than  in 
its  absolute  position,  however,  and  the  correction  for  diurnal 
variations  given  by  Winningham’s  curve  is  considered  ade- 
quate. 

Hie  latitude  of  the  cleft  is  calculated  from  the  measured 
range  of  the  closest  echo  and  an  assumed  altitude  of  260  km 
[see  Fikt  ft  ai,  1974).  All  ionograms  containing  oblique 
echoes  arc  used.  In  the  initial  calculations  a fiat  earth  is  as- 
sumed for  convenience.  The  distance  along  the  earth  from  the 
ionosondc  to  a point  directly  below  the  rcficctmg  layer  is 
derived  and  then  translated  into  degrees  of  latitude.  This  value 
is  then  added  to  the  invariant  latitude  of  the  ionosondc  to  give 
the  location  of  the  equatorward  boundary  of  the  cleft.  The 
invariant  latitudes  of  the  ionosondc  stations  are  taken  from 
the  300-km  altitude  values  of  Evans  ft  til  [I9t>9]  (see  Figure  I ). 

For  the  relatively  small  ranges  of  latitude  involved  ( ' 4® ) the 
use  of  the  fiat  earth  approximation  does  not  result  in  very  large 
errors  The  correction  to  the  position  of  the  cleft's  lower 
boundary  is  less  than  0.1®  and  approaches  zero  as  the  cleft 
moves  southward  toward  the  ionosondes  Since  this  error  is 
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about  a factor  of  4 smaller  than  that  introduced  by  the  uncer- 
tainties in  the  measurements  of  the  slant  ranges,  it  has  not  been 
corrected  in  the  final  results.  Uncertainties  of  ±10  km  in  the 
slant  range  and  assumed  altitude  yield  a spread  of  about  ±0.4° 
in  the  latitude. 

During  the  December  period  of  observation,  periodic  mea- 
surements of  the  cleft  location  were  ulso  made  by  the  Isis  2 
satellite.  The  satellite  measurements  arc  shown  by  solid 
triangles  in  the  plots  of  A,  for  December  4 and  December  6. 
Absorption  prevented  ionosondc  measurements  at  the  lime  of 
the  December  4 satellite  crossing.  Simultaneous  measurements 
were  obtained  on  December  6 and  on  another  day  later  in  the 
month  when  IMF  data  were  not  available.  On  these  two 
occasions  the  ionosondc  and  satellite  measurements  of  the 
cleft's  position  agreed  to  within  0,5°. 

Magnetic  conditions  during  the  observations  are  shown  in 
Table  2.  The  local  K for  College,  a station  near  the  magnetic 
longitude  of  the  ionosondcs,  is  shown  as  well  as  the  planetary 
index  Kp. 

December!,  1974 

As  is  true  throughout  most  of  the  periods  to  be  covered,  this 
time  was  fairly  quite  magnetically  (Figure  4).  The  College 
magnetogram  showed  a small  amount  of  activity  at  2020, 
2130,  and  2350.  Small  positive  bays  ('50  y)  were  recorded  at 
l.eirvogur  from  2220  to  2250  and  at  2340, 

The  : component  of  the  IMF  shows  small  fluctuations 
throughout  the  period:  these  fluctuations  are  probably  due  to 
waves  propagating  upstream  from  the  how  shock  [Heppner  el 
al..  1967).  B,  is  mostly  positive,  but  does  turn  significantly 
negative  from  2128  to  2222  UT. 

The  cleft  measurements  are  unfortunately  prevented  by  D 
region  absorption  of  the  ionosondc  signals  from  1900  and 
2100,  Just  prior  to  1900,  AX  is  between  -t  1°  and  +2°.  The  cleft 
remains  mostly  polew  ard  of  its  expected  position  until  '2200, 
when  it  begins  to  move  cquatorwnrd.  This  motion  continues 
until  about  2240,  when  the  equutorward  edge  comes  to  rest 
over  Sachs  Harbor.  Fquatorward  motion  resumes  al  2330.  and 
for  the  remainder  of  the  period  the  equutorward  edge  was  al 
least  as  far  south  as  Cape  Parry. 

Because  of  the  gap  caused  by  the  absorption  it  is  diflicult  to 
associate  with  certainty  the  equutorward  motion  of  the  cleft  at 
2200  with  the  southward  turning  of  B,  at  2128.  The  sudden 
equutorward  movement  of  the  cleft  al  2330  is  quite  clear, 
however,  and  coincides  (within  the  resolution,  available)  with 
the  onset  of  the  small  positive  bay  at  Lcirvogur. 

December  6-7. 1974 

A(  the  nine  at  which  the  IMF  measurements  begin,  B,  is 
northward  al  about  t4  y and  is  slowly  decreasing  (Figure  5) 
Unfortunately,  there  is  a large  gup  in  the  IMF  data  between 
2100  and  2200.  It  is  thus  not  possible  to  determine  exactly 
when  H,  first  becomes  negative. 

The  cleft  first  begins  to  move  equutorward  at  about  2200 
UT,  possibly  soon  after  B,  goes  negative.  This  motion  coniin 
ues  until  about  2215,  when  both  A A and  ti,  become  more 
positive.  B,  remains  close  to  zero  until  2313,  when  it  turns 
sharply  southward.  During  this  lime  the  cleft  first  moves  pole 
ward,  peaking  at  '2230,  then  moves  cqualorvvard  until  '2250, 
and  then  moves  poleward  until  2309,  when  it  moves  sharply 
equutorward. 

Because  of  the  gap  in  the  magnetic  data  it  is  not  possible  to 
establish  the  timing  between  the  initial  cqualorvvard  motion  of 
the  cleft  at  2200  and  the  southward  turning  of  the  field,  Nor  is 


it  clear  why  AX  goes  negative  again  after  2230,  It  may  be  that 
the  motion  of  the  cleft  from  2200  to  2305  is  related  to  os- 
cillations in  the  position  of  the  magnetopause,  such  as  have 
been  reported  by,  for  example.  Aubry  el  at.  (1970)  and  derived 
theoretically  by  Holier  and  Reid  (1975).  The  period  in  the 
present  case  (~30  min)  is  longer  by  a factor  of  2 or  more  than 
the  reported  periods,  however. 

The  drop  in  AX  at  2309  may  be  associated  with  the  sharp 
change  in  B,  at  2313.  Allowing  for  the  assumed  propagation 
delay.  AX  thus  drops  about  10  min  before  the  change  in  B,. 
The  inconsistency  may  be  due  to  the  fact  that  ihe  satellite  was 
- 18  Ri  above  the  ecliptic  plane  and  that  the  discontinuity  was 
in  a plane  other  than  that  assumed.  These  circumstunces  may 
invalidate  our  simple  model  for  the  propagation  of  changes  in 
B,.  Following  this  drop  the  cleft  remains  about  1.5°  below  its 
expected  position  and  does  not  return  poleward  as  it  did 
following  the  decrease  of  2200.  This  difference  might  be  ac- 
counted for  by  the  fact  that  B,  remains  significantly  southward 
after  2313,  while  it  became  more  positive  following  the  de- 
crease at  2200. 

Since  the  geomagnetic  activity  is  so  low  prior  to  2345,  we 
assume  that  the  motion  of  the  cleft  up  to  this  time  is  due 
principally  to  changes  in  the  IMF.  On  the  other  hand,  from 
2345  on,  B,  remains  southward,  and  one  would  not  expect  it  to 
he  responsible  for  the  equutorward  motion  of  the  cleft  at  0015. 
This  motion  may  be  associated  with  the  weak  geomagnetic 
activity  from  '2400  on. 

January  1-2, 1975 

B,  is  relatively  smooth  on  this  day  und  exhibits  three  well- 
defined  southward  turnings,  one  sharp  drop  at  2220  and  two 
significant  zero  crossings  at  '2242  and  2355  (Figure  6).  The 
nighlsidc  magnetograms  arc  again  very  quiet,  but  Lcirvogur 
did  record  a sharp  negative  bay  of  < 100  y beginning  at  0135. 

Although  there  is  little  magnetic  activity  and  B,  is  north- 
ward until  '2240,  the  cleft  is  found  equutorward  of  its  ex- 
pected position  throughout  the  period.  The  sharp  drop  m B, 
near  2220  docs  not  appear  to  provoke  a response  in  X,,  possi- 
bly because  B,  docs  not  go  very  negative  or  because  the  cleft  is 
already  somewhat  cquatorwnrd.  The  cleft  does  move  equit- 
torward  at  2245,  about  5 mm  after  the  southward  turning  of 
B,.  B,  returns  to  positive  values  within  several  minutes,  but  AX 
remains  al  about  -1.5°  for  the  ensuing  hour.  Why  AX  stays 
depressed  is  not  clear,  there  is  only  a very  small  amount  of 
magnetic  activity  (A//  <-  50  y ) recorded  on  the  nightside  ut 
this  time. 

When  B,  becomes  negative  again  al  2355,  AX  actually  be- 
comes more  positive,  in  contrast  to  the  earlier  results.  B, 
remains  near  I y throughout  the  rest  of  the  period,  but  the 
deft  begins  to  move  cquatorwnrd  again  at  0100.  flic  cause  of 
this  motion  is  also  unclear,  it  may  be  simply  an  extreme 
example  of  the  diurnal  motion. 

January  9-IO,  1975 

During  this  interval,  B,  again  shows  evidence  of  upstream 
waves  and  does  not  exhibit  any  well-defined  sustained  changes 
in  direction  (Figure  7).  B,  is  positive  throughout  most  of  the 
record.  Aside  from  some  small  disturbances  from  -2100  to 
' 2230,  nightside  magnetic  activity  is  quiet 

During  the  first  hour  the  cleft  is  moving  poleward.  Al  2200, 
AX  starts  to  become  more  negative,  possibly  in  response  to  the 
geomagnetic  activity  occurring  at  that  time  I or  the  remainder 
of  the  period  the  deft  remains  a degree  or  so  cquatorwnrd  of 
Us  expected  position. 
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January  10-11, 1975 

B,  is  somewhat  erratic  but  shows  a fairly  clean  change  tn 
direction  from  northward  to  southward  at  about  2216  (Figure 
8).  Note  that  there  is  a sharp  jump  in  B,  at  2105;  the  College 
magnetogram  also  shows  a jump  in  U at  (he  same  time.  Such 
changes  in  high-latitude  magnetic  records  are  often  correlated 
with  changes  in  the  IMF  [Burch,  1072].  This  indicates  that 
there  may  be  little  propagation  delay  for  the  solar  wind  be- 
tween Imp  8 and  the  front  of  the  magnetosphere. 

t.eirsogur  recorded  a substorm  beginning  at  about  2250;  the 
negative  bay  peaked  at  — 120  > at  1X720  and  recovered  by 
0050.  Small  ( v 50  y ) fluctuations  followed  for  the  next  hour. 
(Note  that  l.cirvogur  also  detected  the  small  jump  at  '2105.) 

Prior  to  2200,  w hile  B,  > 0,  the  cleft  is  seen  to  be  moving 
generally  poleward.  At  2215.  close  to  the  southward  turning  of 
B„  the  cleft  begins  to  move  equatorward.  This  motion  contin- 
ues for  about  another  hour.  The  average  rate  of  the  motion 
until  2215.  when  the  cleft  appears  to  reach  an  equilibrium,  is 
about  0.04° /min. 

From  2220  to  2400  the  cleft  appears  to  be  drifting  poleward 
again.  At  about  2400.  just  alter  the  onset  of  the  negative  bay  at 
l.cirvogur,  the  cleft  rapidly  moves  about  2°  equatorward.  For 
the  remainder  of  the  observation,  AX  remains  negative,  even 
though  B,  becomes  more  positive  after  0100, 

Summon 

There  are  eleven  cases  when  the  edge  of  the  cleft  shows 
sigmheant  equatorward  motion.  In  agreement  with  the  earlier 
work  mentioned  in  the  introduction  it  appears  that  the  cleft 
responds  both  to  changes  in  the  polarity  of  B,  (four  cases.  2200 
and  2212  December  6,  2245  January  I,  and  2216  January  10) 
and  to  the  occurrence  of  geomagnetic  disturbances  (two  vises. 
2222  December  4 and  2400  January  10).  In  2 of  the  II  cases 
the  motion  of  the  cleft  did  not  appear  to  he  associated  with 
either  B,  or  a magnetic  disturbance  (2220  December  6 and 
0100  January  2).  In  the  remaining  cases  (2200  December  4, 
0015  December  7,  and  2200  January  0)  several  factors  pre- 
cluded forming  even  tentative  conclusions. 

In  examining  eight  cases  where  the  -.left  moves  poleward  we 
find  only  two  (2215  December  6 and  2120  January  10)  that 
may  be  associated  with  B,  becoming  more  positive.  Three 
events  occur  when  B,  does  not  show  any  clear  change  (2250 
December  6,  2I(X)-2I40  January  0,  and  2220-2400  January 
10).  The  January  10  event,  which  occurs  while  B,  is  negative, 
may  be  associated  with  the  onset  of  a negative  bay,  there  is 
also  a small  amount  of  geomagnetic  acliv  ity  on  January  9.  The 
remaining  three  cases  occur  either  while  B,  is  positive  and 
decreasing  (1900  December  4 and  2020  December  6)  or  when  it 
has  turned  southward  (2400  January  I ). 

The  cleft  appears  to  respond  fairly  rapidly  to  changes  m the 
IMI  . 1 he  records  of  December  6-7,  January  1-2,  and  partic- 
ularly January  10-11  indicate  that  the  cleft  may  begin  to  move 
equatorward  within  10  mm  or  less  of  the  lime  when  the  change 
in  B,  reaches  the  front  of  the  magnetosphere 

The  velocity  of  the  equatorward  motion,  ot.ee  ,t  begins 
varies  significantly.  On  December  6-7  and  January  1-2  the 
cleft  moved  equatorward  at  about  0.5®  mm  On  December  4 
and  January  10-11  the  rate  was  less  than  0 I®  nun 

I he  duration  of  the  motion  also  varied.  When  the  motion 
was  faster  (December  6-7  and  January  1-2),  it  ceased  after 
about  15  nun  In  those  cases  of  slower  motion  (December  4 
and  January  10-11 ) il  continued  for  about  an  hour  The  total 
change  AX  for  a single  event  varies  from  I to  2 deg. 

I he  temporal  relation  between  geomagnetic  activity  and  the 


cleft’s  motion  is  less  clear  The  records  suggest,  however,  that 
the  cleft  begins  to  move  within  10  min  or  so  of  the  onset  of 
activity  On  January  10-1 1,  for  example,  the  negative  bay 
appeared  at  2250,  and  the  equatorward  motion  began  at  2402. 

Discussion 

In  the  previous  section  vve  found  evidence  that  the  cleft  may 
at  times  move  equatorward  in  response  to  a southward  turning 
of  the  ; component  of  the  IMF  and  to  the  occurrence  of 
geomagnetic  disturbances  These  events  agree  with  the  con- 
clusions of  earlier  work.  Burch  [1972,  1972]  analyzed  Ogo  4 
particle  measurements  and  found  that  the  equatorward 
boundary  of  eleftlike  precipitation  moves  to  lower  latitudes  by 
several  degrees  during  subslorms  and/or  in  the  presence  of 
negative  B,.  I’ikc  el  al.  |I974|  monitored  the  deft  with  an 
airborne  tonosondc  and  found  that  the  cleft  typically  moved 
equatorward  following  a southward  turning  of  B,  Recently, 
Kamulc  a al  ]I976),  combining  the  Ogo  4 and  the  Isis  1 data, 
also  found  a tendency  for  the  cleft  to  move  equatorward  with 
southward  B,  and  the  occurrence  of  substorms. 

It  is  important  to  note  that  we  also  found  several  examples 
where  the  motion  of  the  cleft,  docs  not  correspond  to  these 
results.  The  earlier  investigations  do  provide  convincing  evi- 
dence that  on  the  average,  the  deft  moves  equatorward  in 
response  to  increasing  geomagnetic  activity  and  southward  B,. 
These  conclusions  are  based  largely  upon  satellite  data,  how- 
ev  cr.  w Inch  prov  ide  no  more  than  roughly  one  measurement  of 
the  deft’s  position  per  hour,  the  conclusions  may  not  hold  on  a 
time  scale  of  several  minutes. 

In  the  only  previous  work  [I'ikc  n al,.  1974]  in  which  the 
relation  between  II,  and  the  cleft’s  position  was  studied  with 
high  time  resolution,  it  was  concluded  that  the  cleft  responds 
to  changes  in  B,  after  a delay  of  about  15  nun  Our  results 
suggest  that  when  the  .left  docs  respond,  the  delay  may  lie  as 
short  as  - 10  min 

Burcli  [1972]  gives  an  estimate  of  the  rate  at  which  the  deft 
moves  equatorward  following  a southward  turning  of  B,  His 
value  of  '0.1°  mm  is  based  upon  a single  measurement  of  the 
cleft’s  position  during  each  event  (necessitated  by  the  fact  that 
the  data  were  taken  by  satellite).  In  this  study,  where  the 
measurements  are  ground  based  and  may  be  made  several 
times  during  each  event,  we  have  found  that  the  cleft  may 
move  equatorward  as  rapidly  as  -0  5®  min.  However,  the  rate 
of  motion  may  fall  as  low  as  '0  05®  min 

One  of  the  goals  of  earlier  eft’orts  has  been  to  obtain  a 
quantitative  relation  between  the  cleft’s  location  and  B,  Bunh 
(1972],  for  example,  derives  from  Iris  data  an  expression  for  the 
position  of  the  cleft  as  a function  of  the  average  value  of  B, 
over  the  previous  45  mm  Such  an  expression  may  agree  fairly 
well  with  the  average  behavior  of  the  cleft  and  those  instances 
where  the  cleft  moves  equatorward  fairly  slowly  in  response  to 
a southward  turning  Since  a 45  min  average  of  B,  is  used, 
however,  the  expression  will  not  be  able  to  account  for  those 
cases  where  the  cleft  moves  a degree  or  two  in  only  a few 
minutes  (e  g , December  6 7 and  January  10  1 1 ) Nor  w ill  the 
expression  account  for  those  times  when  the  movement  of  the 
cleft  and  B,  appear  to  be  unrelated 

The  variation  in  the  response  of  the  cleft  implies  that  any 
scheme  for  predicting  the  cleft’s  position  based  upon  a fixed 
length  average  of  B,  will  not  be  accurate  at  all  times  It  is 
important  to  note  that  anv  theoretical  description  ol  the  mccli 
aiusiii  linking  the  IMI  and  the  position  of  the  cleft  must  be 
able  to  account  for  such  variations  Such  a description  will 
apparently  have  to  include  other  factors,  including  gcomag 
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netic  conditions  [ Kamlde  et  al..  1976)  and  perhaps  the  state  of 
the  ionosphere  [Holier  and  Reid.  1975). 

Conclusions  and  Suggestions 

We  have  reported  the  results  of  the  analysis  of  5 days  of 
ionogram  data  from  two  stations  located  in  northern  auroral 
latitudes.  The  ionospheric  manifestation  of  the  cleft  has  been 
found  to  be  very  complex  and  dynamic.  The  returns  frequently 
show  considerable  structure  and  may  change  significantly  in 
just  a minute  or  two. 

A clear  relation  between  the  position  of  the  cleft  and  the 
IMF  (or  geomagnetic  activity)  has  not  emerged  from  the  study 
of  this  small  sample.  Events  have  been  found  which  agree  with 
earlier  conclusions  that  southward  turnings  of  B,  and  geomag- 
netic activity  are  associated  with  cquatorward  motion  of  the 
cleft.  Other  events,  however,  indicate  that  at  limes  the  motion 
may  be  contrary  to  that  expected  and  may  depend  on  other 
causes. 

The  results  do  suggest  that  a program  of  taking  ionograms 
in  high  time  resolution  (spacing,  :$1  min)  would  improve  our 
knowledge  of  the  factors  that  control  the  cleft’s  position.  The 
cleft  has  been  found  to  change  rapidly,  and  it  may  be  that  the 
key  to  its  behavior  will  be  found  only  when  these  rapid  changes 
are  better  understood. 
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VIII.  Papers  in  Press 


Energetic  Particle  Precipitation  into  the  High 
Latitude  Ionosphere  and  the  Auroral  Electrojets 
1.  Definition  of  Electrojet  Boundaries  Using 
Energetic  Electron  Spectra  and  Ground-based 
Magnetometer  Data 

by 


Abstract 


J.  D.  Winningham 
and 

Koji  Kawasaki  and  Gordon  Rostoker 


Data  from  the  University  of  Alberta 
.neridian  line  of  magnetometers  are  utilized 
to  define  the  poleward  and  equatorward 
borders  of  the  eastward  electrojet  in  the 
evening  sector.  Soft  particle  spectrometer 
data  from  the  ISIS-2  polar  orbiting  satellite 
are  organized  in  the  framework  of  the 
eastward  electro jet  for  cases  where  the 
satellite  orbital  path  took  it  close  to  the 
meridian  line  of  ground-based  magnetometer 
stations.  It  is  shown  that  in  the  late 
evening  hours  the  equatorward  border  of  the 
eastward  electrojet  coincides  with  the 
equatorward  edge  of  the  central  plasma  sheet 
(cps)  as  marked  by  electrons  of  E > 1 keV. 

The  boundary  plasma  sheet  (bps)  spans  the 
poleward  portion  of  the  eastward  electrojet 
and  a region  up  to  a few  degrees  poleward  of 
the  eastward  electrojet  where  the  westward 
electrojet  is  known  to  penetrate  on  average. 

A level  shift  in  the  Y* -component  of  the 
ground  magnetometer  data  exists  across  the 
portion  of  the  electrojet  region  marked  by 
bps;  this  level  shift  is  interpreted  as  net 
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upward  field-aligned  current  flow.  In  the 
hours  between  noon  and  dusk  the  correlation 
between  the  equatorward  border  of  the 
eastward  electrojet  and  the  equatorward  edge 
of  the  cps  deteriorates  completely  and  the 
magnetic  latitude  profiles  exhibit  anomalous 
behavior.  This  problem  will  be  discussed  in 
paper  2 of  this  series.  On  the  basis  of  this 
study  we  conclude  that  in  the  evening  sector 
the  cps  is  threaded  by  field  lines  carrying 
current  flowing  into  the  ionosphere  while  the 
bps  is  threaded  by  field  lines  carrying 
current  flowing  out  of  the  ionosphere.  Ihe 
electric  field  transition  from  the  auroral 
oval  to  the  polar  cap  must  occur  in  the  heart 
of  the  bps  under  average  conditions. 


Energetic  Particle  Precipitation  into  the  High 
Latitude  Ionosphere  and  the  Auroral  Electro jets 
2.  Eastward  Electrojet  and  Field-Aligned 
Current  Flow  at  the  Dusk  Meridian 
Gordon  Rostoker , J.  D.  Winningham,  Koji  Kawasaki, 
J.  R.  Burrows  and  T.  J.  Hughes 


Abstract 


f . 


v f 


Soft  particle  spectrometer  and  energetic 
particle  detector  data  from  the  ISIS-2  polar 
orbiting  satellite  are  organized  in  the 
framework  of  the  eastward  electrojet  flowing 
in  the  local  time  range  around  dusk.  The 
structure  of  the  ionospheric  electro jets  is 
inferred  from  ground  based  magnetic  data 
using  a meridian  line  of  magnetometers 
through  western  Canada.  Irregularities  in 
latitude  profiles  of  the  magnetometer  data 
near  the  dusk  meridian  indicate  that  there  is 
a double  structure  within  the  current  flow, 
with  strong  eastward  current  flow  in  the 
poleward  portion  of  the  electrojet. 
Precipitating  energetic  electron  fluxes  are 
found  within  this  region  of  strong  eastward 
current  flow  in  the  poleward  portion  of  the 
electrojet.  No  significant  energetic 
electron  or  proton  fluxes  are  found  in  the 
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equatorward  portion  of  the  eastward 
electrojet.  Using  realistic  models  of  the 
ionospheric  and  field  aligned  currents 
flowing  in  the  evening  sector,  it  is 
demonstrated  that  a portion  of  the  eastward 
electrojet  in  the  post-noon  quadrant  flows  up 
the  field  lines  into  the  magnetosphere  at  the 
dusk  meridian.  It  is  suggested  that  this 
segment  of  the  eastward  electrojet  exists 
because  of  the  presence  of  a poleward 
electric  field  in  the  sunlit  ionosphere  and 
that  upward  field-aligned  current  flow  occurs 
at  the  conductivity  discontinuity  between  the 
sunlit  and  dark  ionospheres. 
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IX.  Oral  Presentations  at  Meetings 

1.  Comparison  of  Backscattered  Electrons  with  a Parallel  Electric  Field 
Model,  T.  W.  Speise r,  D.  S.  Evans,  and  J.  D.  Winningham,  presented  at 
International  Symposium  on  Solar-Terrestrial  Physics,  Boulder,  Colorado, 
June,  1976. 

2.  Entry  of  Solar  Wind  Plasma  into  the  Magnetotail,  E.  W.  Hones,  Jr,, 
and  J.  D.  Winningham,  presented  at  the  Second  Magnetosphe ric 
Cleft  Conference,  St.  Jovite,  Quebec,  October,  1976, 

3.  Rocket  Measurements  of  the  Dayside  Cleft  Plasma,  J.  D.  Winningham, 
presented  at  the  Second  Magnetosphe ric  Cleft  Conference,  St.  Jovite, 

Quebec , October,  1976. 

4.  Substoim  Probability  as  Functions  of  Interplanetary  Magnetic  Field 
and  the  Size  of  the  Auroral  Oval,  Y.  Kamide,  P.  D.  Perreault,  and 
J.  D.  Winningham,  AGU  Meeting,  Spring  1977, 

5.  Field-Aligned  Current  Flow  Near  the  Dusk  Meridian  Associated  with  the 
Eastward  Auroral  Electrojet,  K.  Kawasaki,  J.  D.  Winningham,  J,  R.  Burrows, 
G.  Rostoker,  and  J.  Kisabeth,  IAGA,  Seattle,  August,  1977. 

6.  Definition  of  Electrojet  Borders  and  Field-Aligned  Currents  Using 
Energetic  Electron  Spectra,  J.  D,  Winningham,  K.  Kawasaki,  and  G.  Rostoker, 
IAGA,  Seattle,  August,  1977, 

7.  Empirical  Dependence  of  6300A  Emission  Rate  on  Electron  Energy  and  Energy 
Flux  in  Aurora,  G.  G.  Shepherd,  J,  D.  Winningham,  L.  E.  Bunn,  and  F,  W. 
Thirkettle,  IAGA,  Seattle,  August,  1977. 

8.  The  Relationship  of  Particle  Precipitation  to  Auroral  Forms,  J.  L.  Burch  and 
J.  D.  Winningham,  IAGA,  Seattle,  August,  1977. 
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9.  Electron  Density  and  Temperature  Measurements  in  an  Artificial  Ionospheric 
Hole:  Project  Lagopedo,  J,  D.  Winningham  and  N.  Baker,  A.G.U.  Meeting, 

Spring,  1978, 

10.  Electron  Angular  Distributions  During  an  Auroral  Break-up,  D,  M.  Klumpar, 

W.  E,  Sharp,  and  J.  D.  Winningham,  A.G.U.  Meeting,  Spring,  1978. 

11.  Corpuscular  Fluxes  at  Midlatitudes,  An  Examination  of  the  Storm  Period  1 
November  1972,  Fred  A.  Morse,  J.  D.  Winningham,  and  J,  R.  Burrows,  A.G.U. 
Meeting,  Spring,  1978. 

12.  Electrons  in  the  Earth’s  Magnetosphere,  J,  D.  Winningham,  Fifth  European 
Geophysical  Society  Meeting,  Strasbourg,  France,  August,  1978, 

13.  Electrons  in  the  Earth’s  Magnetosphere,  J.  D,  winningham,  AGU  Chapman 
Conference,  Magnetospheric  Substorms  and  Related  Plasma  Processes,  Los  Alamos, 
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